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More than one billion vehicle tires reach the end of their useful service life
annually. Less than a quarter of rubber waste is reused or recycled in some way. Interest
has grown in working to discover means by which to incorporate rubber tire waste into
construction materials. This study sought to delve into the use of micronized rubber
powder (MRP) as an acoustic agent within particleboard and concrete. In addition, work
was conducted to characterize the effect that MRP has on the strength and flexural
properties of concrete. Furthermore, research sought to provide insight into how pine
biomass, a forest products industry waste, would interact with MRP in concrete as it
relates to strength and acoustic properties.
As expected, particleboard that contained MRP resulted in lower strength but
higher flexibility. Acoustic testing revealed that there was minimal sound absorption
improvement at some frequencies and less absorption at low and high frequencies. Sound
transmission loss was slightly improved by the addition of MRP to the particleboard.
Adding pine biomass and MRP to concrete yielded much lower compressive
strength as compared to plain concrete. Visual inspection of the sound absorption

coefficient curves over the full range of test frequencies identified limited, if any,
advantage for the addition of MRP or biomass. Some ranges of frequencies offered
minimal improvement. There appeared to be no appreciable sound absorption advantage
to adding MRP, pine biomass, or the combination of the two into concrete mix
proportions.
Modulus of rigidity was decreased as compared to plain concrete when MRP,
pine biomass, or a combination of both were incorporated into the concrete mixture as
volume replacement for aggregate. Visual observation revealed that flexural failure for
the MRP or pine beams were less sudden and less catastrophic than the plain concrete
samples.
Modulus of elasticity was decreased as compared to plain concrete when MRP,
pine biomass, or a combination of both were incorporated into the concrete mixture as
volume replacement for aggregate. The more flexible and ductile concrete produced with
MRP and biomass provides a combination of properties that serve to lessen the
propagation of cracks throughout the specimen.
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CHAPTER I
INTRODUCTION
Review of Literature and Previous Research
Recycling of rubber has been a topic of interest for over 100 years, yet by the
1980s less than one percent of the rubber consumption worldwide consisted of reclaimed
or recycled rubber material. Statistics indicate that more than one billion waste tires are
produced annually. An estimated twenty to thirty percent of waste rubber is sent to
landfills each year. Of the remaining rubber waste, the majority is used in energy
generation. Less than a quarter of rubber waste is reused or recycled in some way (Forrest
2014).
Under the growing mound of rubber tire waste, in 2003 the European Union
banned the landfilling of tires. This has led to interest in transforming this traditional
waste product into something useful. In the United States, roughly ten percent of tires
were being recycled as of 2011. After another fifty percent were utilized for energy
generation (typically via incineration), the rest were stock piled or landfilled (Forrest
2014). It is evident that there are an abundance of end-of-life rubber tires available
worldwide. The fact that much of this rubber waste is sent to landfills or burned has
sparked interest in discovering new recycling methods and uses for spent tires.
Waste tire rubber has historically been ground to some degree for later
incorporation into another product. Early technology simply shredded the tires into one
1

inch sized chips. These could then be used for energy generation. Since these large
chunks were difficult to incorporate into new products, additional processing was
developed to further reduce the particle size. This smaller sized material is typically
referred to as crumb rubber. New advancements have allowed for the further reduction of
particle size. This micron sized material is often referred to as micronized rubber powder
(MRP). Since the particles are so small, they can be readily incorporated into a variety of
new products (What We Do 2018). The development has opened up a new interest in
evaluating possible uses of recycled tire rubber.
As the literature review to follow will detail, there has been ample investigation
into the incorporation of recycled rubber into various products, ranging from roofing tiles
to sports fields to gypsum board. Much of this research has focused on the use of large to
medium crumb rubber sized particles. The availability of MRP has opened up a larger
field of opportunity for use of this material which is usually characterized as waste.
The study to follow will also dig into the influence of biomass into concrete. The
agriculture and forestry industries generate large amounts of waste in the form of unused
biomass. Wood particles and crop residue are sometimes used in the generation of
electric power. In recent years, interest has grown to identify uses for biomass in
construction materials. Hamidian et al. (2016) studied the use of oil palm shell waste in
concrete and the effect it has on strength. Reis (2006) investigated how the addition of
coconut fiber, sugar cane bagasse, and banana fiber influenced maximum loads for
concrete. Savastano et al. (2015) evaluated strength properties of concrete that were
reinforced with pulp mill residues, including banana and sisal fibers. Elsaid et al. (2011)
mixed kenaf fiber into concrete. The researchers noted that the incorporation of such
2

fibers into concrete produces concrete that “exhibits more distributed cracking” than nonfiber reinforced concrete.
No literature was found that included the incorporation of both rubber particles
and biomass into concrete.
Significance of Research
Over one billion tires are scrapped annually worldwide. A large proportion of
these waste tires are sent to a landfill. Over the last few decades, much research has been
conducted to develop and evaluate novel uses for this tremendous amount of waste.
Additionally, forestry and agriculture waste is also readily available around the world for
use in sustainable building materials. This study, consisting of three areas of interest,
considers the use of micronized rubber powder (MRP) in conjunction with common
construction materials and in interaction with biomass incorporating composites.
Objectives
The work undertaken for this dissertation research consisted of a three-pronged
approach. Essentially, three separate objectives were pursued, each with the commonality
of the use of micronized rubber powder (MRP) as a component in a composite
construction material. Specifically, the objectives were:
1. Evaluate the effect that MRP has on acoustic and strength properties of
particleboard composites.
2. Evaluate the effect that MRP has on the acoustic properties of composite
and bio-composite concrete.

3

3. Evaluate the effect that MRP has on the flexural and crack resistance
properties of composite and bio-composite concrete.
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CHAPTER II
ACOUSTIC AND STRENGTH CHARACTERIZATION OF PARTICLEBOARD AND
MICRONIZED RUBBER POWDER COMPOSITES
Abstract
The research sought to characterize the acoustic and strength properties of
composite pine particleboard that contained 10, 20, 30, and 40% micronized rubber
powder (MRP) by weight. Methylene diphenyl diisocyanate (MDI) was used as the
bonding adhesive to produce five particleboard samples, including a control board. Test
samples were cut from the five parent boards for use in strength and acoustic testing.
Measured displacement values for a simply loaded and simply supported load scenario
were used to calculate modulus of rupture and apparent modulus of elasticity for each
composite particleboard. Acoustic measurement by impedance tube provided
comparisons of the sound absorption coefficient and transmission loss for frequencies
ranging from 60 to 6,300 Hz. Results confirmed that the strength of the particleboard
composites decreased as MRP content increased while flexibility increased. Sound
absorption coefficient results indicated, that in general, MRP addition to particleboard
offers no real improvement in sound absorption when compared to the control. Sound
transmission loss was increased slightly when MRP was added to the particleboard.
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Keywords
micronized rubber powder; MRP; particleboard; composite; sound absorption
coefficient; transmission loss; noise reduction coefficient
Introduction
Waste tire rubber has been an environmental concern for decades. As piles of
worn out tires have grown around the world, clogging landfills and dotting the landscape
in communities globally, a search began that sought to identify viable uses for processed
rubber waste. The research reported upon in this paper aimed to characterize the acoustic
and basic strength properties of composite particleboard that contained increasing
proportions of micronized rubber powder (MRP).
Literature Review
The use of rubber particles, ranging in size from large chunks to powder form, in
wood products has been a topic of interest for decades. Worldwide, many millions of tires
are sent to landfills each year. Interest has grown in working to find viable uses for such
large quantities of non-biodegradable waste. New technology development has allowed
for further refinement of rubber beyond shredded tire rubber, providing much smaller
particle sizes. Forrest (2014) outlines many uses of recycled rubber particles ranging
from application in new rubber products, to carpet underlayment, mulch, insulation, and
other construction materials. The author makes special reference to utilizing waste rubber
to produce sound insulating building materials. Within this publication, one specific
study mentioned relative to wood and rubber composite materials was completed by Zhao
et al. (2010). This research compared the sound transmission loss coefficient, measured
6

via the four-microphone standing wave tube method, for four samples. Data were
collected for commercial particleboard, commercial floorboard, a sample containing a
fifty-fifty mix of wood particles to rubber particles, and a sample with a sixty to forty
wood to rubber ratio. The rubber particle diameter used in the research was 5 mm. The
results indicated that the samples containing rubber crumb particles exhibited greater
sound insulation characteristics as shown by higher sound transmission loss numbers.
Findings also pointed to greater insulation of sound as rubber concentration increased.
The same study also investigated the effect that rubber particle size might have on sound
transmission loss. The work illustrated that the acoustic insulation property indicator,
transmission loss, was improved as the rubber particle size increased. Particle sizes in the
comparison part of the study ranged from 1 mm to 5 mm in diameter.
There are several properties of waste rubber that make it well suited for use in
wood composites. It can help to prevent rot, increase durability, provide insulation from
sound, and absorb energy (Fu, 2003). These properties and interest in how composite
particleboard that includes waste rubber might affect thickness swelling led researchers in
Turkey to fabricate three-layer particleboard containing varying ratios of 30 mesh (0.595
mm) and 80 mesh (0.177 mm) rubber particles (Ayrilmis et al., 2009). The research is of
particular interest as it is of similar particle size of the micronized rubber powder (MRP)
utilized in the present study. Ayrilmis et al. constructed samples by using the larger
rubber particles at the center of the board and placing the finer mesh particles in surface
layers. The particleboards were produced to a specific gravity of 0.65 and experiments
were conducted to compare rubber contents of 10%, 20%, and 30% by weight. The
researchers reported that particleboard strength was decreased with increased rubber
7

content. It was also noted that thickness swelling decreased as rubber content increased.
This was attributed to the increased water resistance of the rubberized particleboards.
Ghofrani et al. (2016) published findings of a study involving incorporating
rubber material into plywood. The research specifically investigated the acoustical
properties of the composite. Rubber particle size varied from crumb rubber size to
micronized rubber powder (MRP) specifications. The material fabrication was composed
of a rubber core with wood exterior layers. Acoustical properties were found using
measurements from a flexural vibration test in accordance with ASTM C 1548. Results
indicated improved sound insulation properties for the composites that included rubber
particles.
Zhu et al. (2013) outlined various methods utilized in the testing the sound
insulation properties of bio-based materials. The researchers pointed out that sound
transmission loss (TL) is measured in many studies using ASTM work item 5285. This
method uses an impedance tube, four microphones, and a frequency analyzer. This
method was utilized in the previously mentioned Zhao et al. work as well. Other ASTM
standards related to sound absorption characterization include ASTM E 1050 (utilized in
the present research), ASTM C 1548, ASTM C 384, ASTM E 2611, and ASTM C 423.
In addition, several ISO standards detail processes to be used in acoustic testing for
construction materials such as particle board.
Yang et al. (2004) studied the use of waste tire particles as a bio-composite with
rice straw. Along with the mechanical properties of the material, the researchers also
measured acoustic properties. The sound absorption coefficients of the composites were
measured by the impedance tube method, as outlined by ASTM C384. The samples
8

included crumb rubber particles, ranging in diameter from 3 to 4 mm. The researchers
also tested different lengths and ratios of rice straw in the composite. The results were
compared to sound absorption coefficients of other common building materials such as
concrete and particleboard. The bio-composite material demonstrated superior sound
absorption for most frequencies. A similar study was completed by Yang et al. in 2003
that considered a bio-composite formed by combining rice straws with wood particles.
Rice straw concentration and length variations were the variables for the study. As with
the previous study, mechanical and acoustic properties were found. The samples with
lower specific gravities were noted to have higher sound absorption coefficients.
Putra et al. (2013) conducted research into the utilization of sugarcane waste
fibers as a sound absorber. The fibers were combined with a binder at varying ratios to
determine the sound absorption coefficients (α) at those specific ratios. The coefficient
was determined by the use of an impedance tube by applying the two-microphone
transfer function method. This is the same scheme utilized in many of the aforementioned
studies.
A considerable amount of research has been conducted aimed at characterizing
the strength, physical, and acoustic properties of rubberized composite boards. Most
studies agree that strength properties are decreased as rubber content is increased.
Likewise, most research conclude that rubber incorporation produces improved acoustic
qualities in wood composites as well. No publications were found that investigated
homogenous MRP composite particleboard with specific interest in acoustic
characterization.

9

Significance of Study
Waste tire rubber continues to be an ever growing contributor to landfill waste
and environmental litter. As a result, there is an associated need to develop novel uses for
the processing and utilization of this waste material. There are a wide range of waste
rubber particle materials available, ranging from large strips and crumbs down to
microscopic particle sizes. Each of these configurations offer unique qualities and
advantages relevant to a wide array of applications, including use as part of a composite
building material. Recent advances in the processing of rubber particles has yielded
particle sizes that are similar in consistency to Portland cement. This development opens
a new door for use of this micronized rubber powder (MRP) in composite building
materials. The research at hand examined utilization of MRP in pine particleboard as it
pertains to changes in the sound absorption coefficient and sound transmission loss
values of the board as MRP proportion was increased. Strength properties were also
examined to confirm that MRP addition decreased strength while increasing flexibility.
Identification of specific, beneficial composite-based uses of waste rubber will serve to
facilitate practical alternatives to landfilling and energy production.
Objectives
The specific objective of the work described is aimed at providing
characterization of the acoustic properties of composite micronized rubber powder
(MRP), pine particleboards. In addition, examination of the effect of MRP on the strength
properties of the particleboard is quantified and reported.

10

Materials and Methods
Materials
Southern yellow pine (Pinus spp.) particles were obtained from Southeastern
Timber Products in Ackerman, MS. These sawmill shavings were milled down using a
refiner mill (Bauer Model 248, size - 18”, RPM – 1700).
At the time of particleboard fabrication, the moisture content of the pine particles
was 7.96%. Sieving was completed to gather information regarding the size of the
particles. The table below details the particle size distribution for the pine that was used
for fabricating the particleboard samples.
Table 2.1

Particle size distribution for pine.
Particle Size (mm)
≥ 2.80
2.00 < 2.80
1.40 < 2.00
1.00 < 1.40
0.50 < 1.00
0.25 < 0.50
<0.25

Proportion by Weight (%)
0.4
19.4
30.7
16.6
22.0
7.0
4.0

The micronized rubber powder (MRP) was obtained from Lehigh Technologies of
Tucker, GA USA. The product part number was MicroDyneTM MD-188-TR. The
company describes the product as “black, free flowing micronized rubber powder that
disperses easily into a multitude of liquid systems and applications (Lehigh 2018).” The
manufacturer also stated that MD-188-TR is held to a “narrow, controlled particle size
distribution that offers lower viscosity builds than typical 80 mesh rubber powders, while
meeting the ASTM D 5603 (American Society for Testing and Materials, 2001)
11

specification for 80 mesh.” The manufacturer listed the SG of the MRP at 1.14. Sieving
revealed that no MRP particles where retained in a No. 60 mesh and that nearly 40% of
particles were caught in the No. 80 mesh (see table below). For comparison, a No. 60
mesh sieve was about the size of fine sand particles. Therefore, the maximum MRP
particle size used in this research ranged from 0.18 to 0.25 mm.
Table 2.2

Particle size distribution for MRP.
Particle Size (mm)
≥ 0.250
0.178 - 0.250 (80 mesh)
0.150 - 0.178
0.104 - 0.150
0.074 - 0.104
< 0.074

Proportion by Weight (%)
0.00%
39.71%
20.57%
23.22%
14.05%
2.44%

Methylene diphenyl diisocyanate (MDI), RubinateTM 1840, was used as the
bonding adhesive for the fabrication of the composite particleboards. Huntsman was the
MDI manufacturer. This is a common adhesive utilized for particleboard manufacture.
Sample Preparation
Pine and MRP composite particleboards were fabricated via conventional
particleboard production methods. A total of five boards were produced. Finished board
dimensions were 711.2 x 711.2 x 12.7 mm. One board was a control board, which
contained no MRP. The other four particleboards were formed with increasing amounts
of MRP replacing a portion of the pine by weight. Therefore, samples composed of 10,
20, 30, and 40% MRP by weight were fabricated. Smaller samples were cut from the five
parent particleboards for use in acoustic and physical properties testing.
12

A spreadsheet was utilized to calculate the desired proportions of materials to be
used for each particleboard. A finished board density of 0.785 g/cm3, considered a
medium-density board (Karlinasari et al. 2012), was targeted for the determination of
material proportions by weight. An amount of 208.65 g of MDI was utilized in each
sample, which comprised 4% of the particle board weight. The resin solids percentage
was assumed to be 100%. The targeted equilibrium moisture content for each finished
board was 10%. The following table details the material proportions for each composite
particleboard sample created. Amounts in the table include a 5% overage above actual
calculated values.
Table 2.3

Material amounts for pine MRP composite particleboards.

Board Sample
Control
10% MRP
20% MRP
30% MRP
40% MRP

Pine (kg)
4.95
4.37
3.79
3.28
2.75

MRP (kg)
0
0.53
1.06
1.59
2.12

MDI (kg)
0.21
0.21
0.21
0.21
0.21

All of the particleboard samples were fabricated on the same day. A
Dieffenbacher (Dieffenbacher North America, Inc.) 915 mm x 915 mm hot press system
located at the Sustainable Bioproducts Laboratory at Mississippi State University was
used to create the panels in this study. The hot press was paired with the Alberta
Research Council's Pressman operation and monitoring software. The hot press was preheated to a temperature of 175 °C for a period of two hours. The platens, which are steel
sheets and are placed on the top and bottom of the particle board during pressing, were
also preheated to the same temperature. The specified amounts of pine, MRP, and MDI
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were measured in preparation for mixing. The mixing process began by placing the pine
particles into a drum mixer. With the mixer operating, the MDI was sprayed into the
center of the mixer via a pneumatic, gravity-feed sprayer. After the full amount of MDI
was dispensed, the drum mixer was stopped. The proportioned amount of MRP was then
added to the mixer, which was subsequently mixed for 10 minutes.
The preheated platens were removed from the press and coated on one side with a
silicone release agent. A wooden frame, 711.2 x 711.2 mm in size internally, was placed
on one of the platens. The contents of the drum mixer were then emptied into the frame to
form the initial mat of particles for pressing. The material was spread to a consistent mat
thickness inside of the frame. Next, a board was pressed down onto the mat, inside the
frame, in order to manually compress the mixture to a thickness of approximately 2.54
cm. The wooden frame was removed and the second platen was placed on top of the mat.
Then both plates, with the board mat between them, were positioned into the hot press.
The press cycle of 420 seconds was initiated with the targeted board thickness of 12.7
mm. Maximum pressures ranged from 1.2 MPa to 4.1 MPa during pressing of the various
particle boards. After the cycle completed and the press retracted, the internal
temperature of the particleboard was recorded via thermocouple. The platens and
particleboard were removed from the press and placed on a table where the platens were
removed and loose pine particles were cleaned from the finished particleboard edges. The
boards were allowed to cool for safe handling, labeled, and then stored in an office
environment at approximately 23 °C until testing.
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Physical Properties Testing
Moisture content, density, and specific gravity were measured and calculated in
accordance with ASTM D 1037-12 Part A (American Society for Testing and Materials,
2012). Based upon ASTM D 1037-12, ASTM D 2395-17 Method A (American Society
for Testing and Materials, 2017) was referenced for determination of specific gravity and
density for each sample. ASTM D 4442-92 (American Society for Testing and Materials,
1992) Method B was referenced for calculation of moisture content of the test specimens.
Mechanical Properties Testing
ASTM D 1037-12 Part A (American Society for Testing and Materials, 2012) was
referenced for procedures regarding conducting static bending tests to evaluate flexural
strength properties, such as modulus of rupture and apparent modulus of elasticity.
Loading and testing were accomplished via a computer-controlled Instron 5566 (Instron,
Norwood, MA) universal testing machine located at the Sustainable Bioproducts
Laboratory at Mississippi State University. According to ASTM D 1037-12 (American
Society for Testing and Materials, 2012), the 12.7 mm thick samples required 76 mm
wide and 355.6 mm long sections for testing. Three representative samples measuring 76
x 355.6 mm were cut, using a table saw, from each of the five parent particleboards. This
allowed for a total of 15 samples to be used in mechanical property testing.
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Figure 2.1

Representative particleboard samples utilized for mechanical property
testing.

The photo is a representation of the control (shown at the top), 10%, 20%, 30%, and 40%
(shown at the bottom of the figure) MRP particleboards.

The load scenario was a simply supported and simply (center) loaded setup. The
distance between the spans, based on the sample size and according to the standard, was
determined to be 304.8 mm. The speed of testing (load actuation speed) was calculated
and applied per the specification at a rate of 6 mm per minute.
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Figure 2.2

Static bending test configuration.

Data was logged in real time for displacement (extension of load application
point) and applied load. Maximum load and extension at failure were recorded.
Calculations were completed, per ASTM D 1037-12 (American Society for Testing and
Materials, 2012), for modulus of rigidity and stiffness (apparent modulus of elasticity).
Acoustic Properties Testing
Two acoustic tests were conducted to characterize the acoustic properties of the
five particleboards. The tests resulted in calculation of the sound absorption coefficient
(α) and sound transmission loss values.
Sound Absorption Coefficient
The impedance tube method, per ASTM E 1050-08 (American Society for
Testing and Materials, 2008), was employed to determine the sound absorption
coefficient (α) for each of the five particleboards. A BSWA SW series, two-microphone
17

impedance tube measurement system with computer control and data logging were
utilized to test the particleboard samples (BSWA model SW422+SW477, BSWA
Technology Co., Ltd., Beijing, China). To use the system, three 30 mm diameter and
three 100 mm diameter samples were cut, using a hole saw and drill press, from each of
the five parent particleboards. These diameters were required for use in the 30 mm
diameter tube test, which covers 63 – 1,800 Hz frequencies, and the 100 mm diameter
tube test, which covers 800 – 6,300 Hz frequencies.

Figure 2.3

Representative sample of the specimens cut from each parent particleboard
for acoustic characterization testing.

Three 100 mm samples and three 30 mm samples were cut via hole saw from the control,
10% MRP, 20% MRP, 30% MRP, and 40% MRP particleboards.
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Figure 2.4

BSWA SW422+SW477 impedance tube system for measurement of the
sound absorption coefficient.

The sample is represented by the gray block on the right side of the tube.
Sound Absorption Coefficient Procedure
Each 30 mm sample was tested three times using the 30 mm inner diameter tube.
Next, each 100 mm sample was tested three times using the 100 mm inner diameter tube
with the microphones in the normal spacing position. Additionally, each 100 mm sample
was also tested three times using the 100 mm inner diameter tube with the microphones
in the wide spacing configuration. Each individual test was conducted for a duration of
30 seconds. The three tests of each sample in each tube configuration required that the
sample be rotated 90 degrees inside the sample holder each time. The average of the three
readings from each tube configuration were recorded and stored for subsequent data
operations.
After each individual sample was tested in each of the three impedance tube
configurations, the three sets of data were combined for each sample. This resulted in a
complete set of sound absorption coefficients over the entire 60 to 6,300 Hz frequency
range. The sequence of figures to follow details an example of the individual data sets for
each tube configuration (30 mm, 100 mm, 100 mm wide microphone spacing) and their
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associated frequency coverage. The fourth figure in the sequence depicts an example of
the combined data, resulting in a full frequency set of data. The end result was a total of
15 data sets, which consisted of three replications for each of the five parent
particleboards.
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Figure 2.5

30 mm tube data set.

The 30 mm tube configuration examined the 1,000 to 6,300 Hz frequency range.
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Figure 2.6

100 mm tube data set.

The 100 mm tube configuration examined the 250 to 1,550 Hz frequency range.

100 mm Tube with Wide Microphone Spacing
Sound Absorption Coefficient
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Figure 2.7

100 mm tube configuration with wide microphone spacing.

The 100 mm tube configuration with wide microphone spacing examined the 50 to 450
Hz frequency range.
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Figure 2.8

Combination data set from all three impedance tube configurations.

The sound absorption data from all three data sets was combined to provide a full
spectrum frequency data set.

The acoustic characterization tests were conducted over a period of several days
in an office environment. This necessitated daily microphone calibration by use of a
CA115 sound calibrator (114 dB at 1,000 Hz). In addition, each time impedance tube
sizes or microphone spacing were changed, a channel calibration was performed. This
required input of current temperature, relative humidity, and barometric pressure into the
calibration control screen of the control computer. Each step of the calibration had a
duration of 30 seconds and required that a highly absorptive material, a cylinder of foam,
be placed in the testing chamber of the impedance tube. Upon completion and
verification of successful calibration, the absorptive calibration foam was removed from
the tube. Actual acoustic testing was conducted after positive calibration.
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Transmission Loss
The transfer function method, per ASTM E 2611-09 (American Society for
Testing and Materials, 2009), was employed to conduct sound transmission loss
measurements for each of the five particleboards. A BSWA SW series, four-microphone
impedance tube measurement system with computer control and data logging was
utilized to test the particleboard samples (BSWA model SW422+SW477, BSWA
Technology Co., Ltd., Beijing, China). The same circular samples that were used for the
sound absorption coefficient tests were utilized for sound transmission loss testing.

Figure 2.9

BSWA SW422+SW477 impedance tube system for measurement of sound
transmission loss.

The sample is represented by the gray block at the center of the tube.
Transmission Loss Procedure
Each 30 mm sample was tested once using the 30 mm inner diameter tube. Next,
each 100 mm sample was tested one time using the 100 mm inner diameter tube with the
microphones in the normal spacing position. Additionally, each 100 mm sample was also
tested once using the 100 mm inner diameter tube with the microphones in the wide
spacing configuration. The testing of each circular sample required two steps. With the
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specimen under test placed securely in the testing chamber, the first step was to run the
test with a highly absorptive foam cone inserted into the end of the testing chamber. The
second part of the test required that the foam cone be removed and the end of the test
chamber be left open. Each individual test was conducted for a duration of 30 seconds.
After every individual sample was tested in each of the three impedance tube
configurations, the three sets of data were combined for each sample. This resulted in a
complete set of transmission loss data over the entire 60 to 6,300 Hz frequency range.
The sets of full frequency data for each of the three samples from the parent
particleboards were averaged using the included system software. The end result was a
total of five data sets, one representing each of the five parent particleboards.
Results and Discussion
Physical Properties
The measured moisture content of the control particleboard was 7.50% as
measured for mechanical testing, which was higher than the composite boards containing
MRP. The following table details the specifics of moisture content and density of each
particleboard sample. Three samples from each particleboard type were tested for ovendry density.
Table 2.4

Physical properties of particleboard samples.
Board
Sample
Control
10% MRP
20% MRP
30% MRP
40% MRP

Moisture
Oven-Dry Density
Content (%)
(g/cm3)
7.50%
0.732
5.88%
0.724
6.12%
0.711
4.08%
0.699
4.00%
0.732
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The moisture contents obtained for the five particleboards were not equal due to
the use of the increasing amounts of MRP and less pine particles, which was responsible
for the majority of the moisture contained in the particleboard. A finished board density
of 0.785 g/cm3 was targeted during fabrication. The resulting oven-dry densities were
very close to the target. The particleboards fell within the medium-density particle
classification according to ranges cited by Karlinasari et al. (2012).

1800.00
1600.00

Modulus of Elasticity (MPa)

1400.00
1200.00
1000.00

800.00
600.00
400.00

200.00
0.00
Control

10% MRP

20% MRP

30% MRP

Sample

Figure 2.10

Plot of means of oven-dry density for each sample set.
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40% MRP

Mechanical Properties
A total of 15 samples were tested for mechanical properties. These samples
consisted of three replications for each of the five parent particleboards. Bending
modulus of rupture (MOR) and modulus of elasticity (MOE) were calculated for each of
the 15 samples. The average values were calculated for each of the five sample sets,
along with standard deviation and coefficient of variation. These measures are detailed in
the tables and figures below.
Table 2.5

Modulus of elasticity of particleboard samples.

Mean MOE (MPa)
Standard Deviation
(MPa)
Coefficient of Variation
(%)

Control
1674.55

10%
MRP
1134.55

20%
MRP
560.81

30%
MRP
332.40

40%
MRP
219.23

409.17

73.16

57.81

42.94

84.52

24.43

6.45

10.31

12.92

38.55
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Figure 2.11

Plot of means of modulus of elasticity for each sample set.
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The data from the MOE means indicated that there was a 32% difference in the
control and the samples containing 10% MRP by weight. There was nearly 51%
difference between 10% and 20% MRP, almost a 41% difference between 20% and 30%
MRP, and a 34% difference between 30% and 40% MRP. It was clear that the increase in
the proportion of MRP in particleboard resulted in a decrease in MOE. The overall
decrease in MOE from no MRP to 40% MRP resulted in a nearly 87% decrease in the
mean MOE.
Table 2.6

Modulus of rupture of particleboard samples.
Control

Mean MOR (MPa)
Standard Deviation
(MPa)
Coefficient of Variation
(%)

9.13
2.62

10%
MRP
6.15
0.45

20%
MRP
3.50
0.45

30%
MRP
2.30
0.39

40%
MRP
2.04
0.99

28.65

7.40

12.84

17.10

48.38
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Figure 2.12

Plot of means of modulus of rupture for each sample set.

The data from the MOR means indicated that there was an approximately 33%
difference in the control and the samples containing 10% MRP by weight. There was a
43% difference between 10% and 20% MRP, over a 34% difference between 20% and
30% MRP, and a 11.5% difference between 30% and 40% MRP. It was clear that the
increase in the proportion of MRP in particleboard resulted in a decrease in MOR. The
overall decrease in MOR from no MRP to 40% MRP resulted in a nearly 78% decrease in
the mean MOR.
Similar trends relative to a decrease in MOR and MOE as rubber content was
increased were observed in other research. One such study by Ayrilmis et al. (2009)
investigated the effects of the use of two resin types in relation to rubber particle content
percentages. Likewise, Song and Hwang (2001) noted similar tendencies when studying
the effects of levels of MDI resin on a rubber composite particleboard and the impact
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properties associated with it. Although the rubber particle size used in their research was
much larger and the wood species studied was poplar, the MOR and MOE trend was
similar for Xu et al. (2012).
Acoustic Properties
Sound Absorption Coefficient
The sound absorption coefficient data was plotted for the five averaged data sets
as shown in the figure below. This was completed in order to characterize the feasibility
of the use of MRP composite particleboard as a possible sound insulation material. Zhu et
al. (2014) offer a definition of the sound absorption coefficient as being “a measure of the
propagation of sound energy that falls on a surface and is not reflected.” The
measurement range for the sound absorption coefficient is 0 to 1. A good sound
absorption material will absorb the sound waves that strike it while reflecting very little
(Karlinasari et al., 2012). A value of 1 would indicate total absorption of the sound wave
with no reflection. A value of 0 would indicate total reflection of the sound wave with no
absorption by the material.
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Figure 2.13

Sound absorption coefficient as a function of frequency.

Based upon the visual representation above, at frequencies greater than 4,450 Hz,
the particleboard samples that contained MRP were characterized by a lower level of
sound absorption than the control board. The same was also true at frequencies below
about 2,450 Hz. The middle third of the tested frequency range offered some increase in
the sound absorption coefficient for selected MRP samples, although there was no
apparent correlation between the amount of MRP and the sound absorption coefficient.
Observation also noted that the curve of the sound absorption coefficient over the entire
frequency band bore a similar curve for all of the samples, although there is a shift at the
peak sound absorption level to higher frequencies for the MRP composite particleboards.
This characteristic might prove useful in certain specialized acoustic applications.
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Sukontasukkul (2009) and Mohammed et al. (2012) employed the use of the noise
reduction coefficient (NRC) calculation in order to represent the ability of a material to
absorb sound using a single value. The following formula, where α is the sound
absorption coefficient at the indicated frequency, outlines the calculation.
NRC = (α250 + α500 + α1000 + α2000) / 4

(1.1)

Results of the NRC calculation, shown below, using the averages at each
frequency for the three samples tested indicated an average decrease of nearly 24% when
compared to the control. As tested, the MRP particleboard did not perform as well as a
sound absorbing material. The very small size of the micronized rubber powder was
likely a contributing factor to the reduction of sound absorption for the MRP composite
boards. The MRP possibly worked to fill in small voids that were present in the control
board, which in turn reduced the ability of the composite particleboards to absorb sound.

Noise Reduction Coefficient
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Figure 2.14

Noise reduction coefficient comparison for each sample mixture.
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Transmission Loss
The sound transmission loss data was plotted for the five averaged data sets as
shown in the figure below. Transmission loss is sometimes referred to as the sound
reduction index. It aims to gauge the capacity of a material to isolate sound waves.

Transmission Loss (dB)
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Sound transmission loss as a function of frequency.

Factors that determine the ability of a material to resist sound transmission
include the thickness, density, and stiffness of the specimen (Karlinasari et al. 2012). The
researchers noted that low-density particleboard exhibited lower sound transmission loss
values than medium-density particleboard. Similar results were noted in the present
research when the MRP specimens were compared to the control board. General
observation reveals that the control particleboard, that contained no MRP, resulted in the
lowest sound transmission loss across most of the frequencies tested. In addition, the data
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would lead to the conclusion that adding MRP to particleboard tends to a greater
reduction in sound waves passing through the board at frequencies above about 850 Hz.
Below the 850 Hz threshold, there is an increase in the transmission loss for the control
specimen down to about 450 Hz. In this range the control board exhibited a higher level
of transmission loss than the composite particleboard. As a whole, although there is a
difference, the differential of 3 to 5 dB is minimal. Zhao et al. (2010) found similar
results in their study of the effects of 5 mm rubber particles in increasing concentration
when compared to plain wood particleboard. That same study reported more substantial
increases and levels of sound transmission loss than found in the present study, but this
can likely be attributed to the larger rubber particle diameter as compared to the present
research.
Conclusion
The strength of the particleboard composites decreased as MRP content increased.
Similarly, the stiffness of the particleboard decreased as MRP content increased. Hence,
flexibility of the particleboard increased as MRP content increased. A MRP composite
particleboard might be of use in a construction application in which strength was not a
priority and flexibility is desired, such as in curved wall structures.
The sound absorption coefficient, a measure of the amount of sound waves
absorbed by a material at a specific frequency, was decreased with the addition of MRP
to the particleboard within the lower and upper thirds of the 50 to 6,000 Hz measured
frequency test range. The middle third of the range of frequencies revealed some
improvements, over the control particleboard, for selected MRP levels. The observation
of decreased sound absorption in frequencies below 2,250 Hz was supported by a nearly
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24% average reduction in the noise reduction coefficient (NRC) when the MRP samples
were compared to the control samples. The results indicated, that in general, MRP
addition to particleboard offers no real improvement in sound absorption when compared
to the control. For the majority of the frequency range tested, the opposite effect was
observed. An increased amount of sound energy was reflected by the MRP composite
particleboards. Possible uses of MRP composite particleboard may be in applications
where more sound energy reflection is the desired effect, especially in sound frequency
bands below about 2,000 Hz and above 4,000 Hz.
A general comparison of the sound transmission loss (TL) data would lead to the
conclusion that by adding MRP to particleboard results in a greater reduction in sound
waves passing through the board at most frequencies. That may be explained by the
increase in reflection as observed with the sound absorption coefficient data. The
composite MRP particleboards may be useful in specialized acoustic applications where
additional sound transmission loss characteristics are desirable.
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CHAPTER III
ACOUSTIC CHARACTERIZATION OF CONCRETE BIOCOMPOSITES
CONSISTING OF PINE PARTICLES AND MICRONIZED
RUBBER POWDER
Abstract
The research sought to characterize the acoustic properties of composite concrete
which contained micronized rubber powder (MRP) and pine biomass as volume
aggregate replacement. Basic compressive strength tests were conducted. Acoustic
measurement by impedance tube provided comparisons of the sound absorption
coefficient for frequencies ranging from 60 to 6,300 Hz. Results confirmed that the
strength of the concrete decreased with the incorporation of MRP and biomass.
Compressive strength was reduced up to 77% when MRP or pine biomass was used as a
volume replacement for aggregate in concrete. Analysis of acoustic properties revealed a
general decrease in sound absorption characteristics. Visual inspection of the sound
absorption coefficient curves over the full range of test frequencies identified limited
advantage for the addition of MRP or biomass. There appeared to be no overall,
appreciable sound absorption advantage to adding MRP, pine biomass, or the
combination of the two into concrete mix proportions.
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Introduction
Waste tire rubber has been an environmental concern for decades. As piles of
worn out tires have grown around the world, clogging landfills and dotting the landscape
in communities globally, a search began that sought to identify viable uses for processed
rubber waste. The research reported upon in this paper aimed to characterize the acoustic
properties of bio composite concrete that contained micronized rubber powder (MRP)
and pine biomass in varying proportions and combinations.
Literature Review
The use of recycled rubber in concrete has been a research topic of interest for
many years. Often, rubber crumb is utilized as a total or partial replacement for
conventional aggregates. When the aggregate is completely replaced by crumb rubber,
the resulting product is termed plain rubberized concrete. This product is relatively weak
mechanically and may be called upon for non-structural applications (Forrest 2014). One
such non-structural application, for both partial and total aggregate or sand replacement
in concrete, is for use as a sound absorbing material.
Medina et al. (2016) studied the acoustic characteristics of rubberized concrete,
replacing up to 100% of the aggregate with crumb rubber. Two different rubber
aggregates were used, plain crumb rubber and fibers coated with crumb rubber. In
addition, rough and smooth concrete surface finishes were investigated. Various sizes of
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samples were created for each mix ratio to allow mechanical and acoustic property
testing. Bulk density, bulk porosity, compressive strength, flexural strength, and the noise
reduction coefficient were determined for each mixture. The study produced results that
indicated that rubber coated fiber aggregate produced more sound absorption effect than
plain crumb rubber.
Rashad (2016) published an overview of recycled rubber for use as a fine
aggregate replacement in traditional concrete. This broad overview delved into properties
such as workability, strength, impact, toughness, shrinkage, fire resistance, thermal
insulation, water absorption, porosity, sound absorption, electrical resistance, and
cracking resistance. The author completed a thorough review of all available literature
related to the topic of using recycled rubber in concrete. Based on the articles that were
reviewed the author concluded “that the inclusion of rubber sand in the matrix increased
its (concrete) sound insulation.”
Sukontasukkul (2009) conducted research using rubber particles sized No. 6 (3.36
mm) and No. 26 (about 0.60 mm) sieve sizes. Fine aggregate was replaced in the concrete
mix by weight at 10, 20, and 30%. Rectangular samples were fabricated and cured. The
required test samples were cored or cut from the main sample for thermal and acoustic
tests. For the acoustic testing, the sound absorption coefficients were measured via
impedance tube ranging from 125 to 4,000 Hz. These values were used to calculate the
noise reduction coefficient over the entire frequency range for each of the experimental
concrete mixes. The data revealed that the samples which incorporated rubber yielded
higher noise reduction coefficients than the control sample.
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Ghizdăveț et al. (2016) and Khaloo et al. (2008) both confirmed favorable sound
absorption properties for rubberized concrete. Khaloo provided in-depth detail into
ASTM standards, specifications, and industry standards that were utilized in their
research. Mohammed et al. (2012) also presented favorable acoustic results in their
research involving incorporating crumb rubber into hollow concrete blocks. A review
article purported the same effects of rubber in concrete by stating “the noise reduction
coefficient increases as the amount of crumb rubber increases” (Thomas et al. 2016).
Many of the studies utilized ASTM E1050 for measurement of the sound
absorption coefficient via an impedance tube. In one such study, Halim et al. (2017)
reported that more replacement of aggregate in concrete and larger rubber particle sizes
both increased the sound absorbing ability of concrete pavers.
González et al. (2013) experimented with using agricultural waste, specifically
rice husks, as a sand replacement (0%, 5%, 10%, 25%, and 50% by volume) in concrete.
The study specifically investigated the sound absorption properties of the composite. Like
previously reviewed studies, ASTM E1050 was used as a guide for measuring the sound
absorption coefficients at varying frequencies via an impedance tube system. ASTM
C423 was then used to calculate the noise reduction coefficient. The results indicated that
the replacement of sand for these waste materials yielded improved sound absorption
properties.
Much research has been conducted related to the strength of concrete composites
that include biomass. However, there was little literature available dealing specifically
with acoustic effects of incorporating biomass. No literature was found to contain
research where rubber and biomass particles were both used simultaneously.
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In summary, the majority of research has concluded that the inclusion of materials
other than traditional sand and aggregate will yield an increased sound absorption
coefficient for some frequencies. The reviewed literature primarily dealt with the
inclusion rubber particles, but the use of other waste materials have shown similar results.
Significance of Study
Waste tire rubber is a significant contributor to landfill waste and environmental
litter. Consequentially, there is an associated need to develop novel uses for the
processing and utilization of this waste material. There are a wide range of waste rubber
particle materials available, ranging from large strips and crumbs down to microscopic
particle sizes. Each of these configurations offer unique qualities and advantages relevant
to a wide array of applications, including use as part of a composite building material
such as concrete. Recent advances in the processing of rubber particles has yielded
particle sizes that are similar in consistency to Portland cement. This development opens
a new door for use of this micronized rubber powder (MRP) in composite building
materials. In addition, the agriculture and forest products industries produce notable
amounts of biomass waste annually. Much of this bio-waste is left to decompose and
ultimately goes unutilized. The research at hand examined employment of MRP and pine
particles as it pertains to changes in the acoustic property values concrete as MRP and
pine biomass proportion was increased.
Objectives
The specific objective of the work described herein was aimed at providing
characterization of the acoustic properties of bio-composite micronized rubber powder
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(MRP), pine concrete. In addition, a basic examination of the effect of MRP and pine
biomass on the strength properties of the concrete was quantified and reported.
Materials and Methods
Materials
Traditional concrete is composed of Portland cement, water, air, coarse aggregate
(gravel), and fine aggregate (sand). In this research, some mixes also incorporated pine
particles, small (12.7 mm) and large (25.4 mm) in size, as replacement for coarse
aggregate in amounts of 15% and 30% by volume. Other mixes used micronized rubber
powder (MRP) as a substitute for fine aggregate in amounts of 15% and 30% by volume.
In addition, mixes also included combinations of each. The following table details the
fifteen sample mixes and the associated combinations of materials. Also noted is the
nomenclature that was utilized to identify each combination of materials throughout the
research and data analysis.
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Table 3.1
Sample
Mix #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Concrete mix nomenclature.
Nomenclature

Description – replacements by volume %

Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine

Normal proportions of sand and gravel
12.7 mm pine to replace 15% gravel
12.7 mm pine to replace 30% gravel
replace 15% sand with MRP
replace 30% sand with MRP
replace 15% sand with MRP and replace 15%
gravel with 12.7 mm pine
30%MRP15%smallPine replace 30% sand with MRP and replace 15%
gravel with 12.7 mm pine
15%MRP30%smallPine replace 15% sand with MRP and replace 30%
gravel with 12.7 mm pine
30%MRP30%smallPine replace 30% sand with MRP and replace 30%
gravel with 12.7 mm pine
15%largePine
25.4 mm pine to replace 15% gravel
30%largePine
25.4 mm pine to replace 30% gravel
15%MRP15%largePine replace 15% sand with MRP and replace 15%
gravel with 25.4 mm pine
30%MRP15%largePine replace 30% sand with MRP and replace 15%
gravel with 25.4 mm pine
15%MRP30%largePine replace 15% sand with MRP and replace 30%
gravel with 25.4 mm pine
30%MRP30%largePine replace 30% sand with MRP and replace 30%
gravel with 25.4 mm pine

The Commercial Grade QUIKRETE ® Type I/II Portland cement was purchased
from a hardware store in 42.6 kg bags. This type of QUIKRETE® Portland cement
complies with ASTM C 150 Type I requirements (American Society for Testing and
Materials, 2018). The product part number was No. 1124.
The QUIKRETE ® all-purpose sand was purchased in 22.7 kg bags from the same
outlet. The product part number was No. 1152. The manufacturer reports that the bagged
sand was a washed and graded coarse sand which met ASTM C 33 (American Society for
Testing and Materials, 2003) specifications.
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The QUIKRETE ® all-purpose gravel was purchased in 22.7 kg bags from the
same outlet as the cement and sand. The product part number was No. 1151. The
manufacturer reports that the gravel was washed and graded, meeting ASTM C 33
(American Society for Testing and Materials, 2003) specifications.
The micronized rubber powder (MRP) was obtained from Lehigh Technologies of
Tucker, GA USA. The product part number was MicroDyneTM MD-188-TR. The
company describes the product as “black, free flowing micronized rubber powder that
disperses easily into a multitude of liquid systems and applications (Lehigh 2018).” The
manufacturer also stated that MD-188-TR is held to a “narrow, controlled particle size
distribution that offers lower viscosity builds than typical 80 mesh rubber powders, while
meeting the ASTM D 5603 (American Society for Testing and Materials, 2001)
specification for 80 mesh.” The manufacturer listed the SG of the MRP at 1.14. Sieving
revealed that no MRP particles where retained in a No. 60 mesh and that nearly 40% of
particles were caught in the No. 80 mesh (see table below). For comparison, a No. 60
mesh sieve was about the size of fine sand particles. Therefore, the maximum MRP
particle size used in this research ranged from 0.18 to 0.25 mm.
Table 3.2

Particle size distribution for MRP.
Particle Size (mm)
≥ 0.250
0.178 - 0.250 (80 mesh)
0.150 - 0.178
0.104 - 0.150
0.074 - 0.104
< 0.074

Proportion by Weight (%)
0.00%
39.71%
20.57%
23.22%
14.05%
2.44%
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The biomass particles were southern yellow pine (Pinus spp.) pulp wood (small
diameter whole trees) that were debarked for use as wood pellet feedstock. The pine was
sorted from an industrial size bulk bag of pine wood chips of varying sizes. Sorting
involved the use of a screen mesh and screen vibrator shaker. Particles were allowed to
fall through the mesh to sort them into the desired sizes as vibration occurred. This study
utilized small 12.7 mm size pine particles and large 25.4 mm size pine particles. The
particles were used for coarse aggregate (gravel) replacement.

Figure 3.1

12.7 mm size pine particle representative sample.
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Figure 3.2

25.4 mm size pine particle representative sample.

Concrete Mixture Proportions
Based on the quantity and types of concrete specimens needed for acoustic and
mechanical property testing, a volume of 0.099 m3 was needed for each of the 15 concrete
test mixtures.
A Virginia Department of Transportation “ACI Concrete Mix Design and
Allowable Field Adjustments” document was used as a guide in the design mixture
calculations (Virginia Department of Transportation, 2016). The American Concrete
Institute (ACI) method, sometimes referred to the Absolute Volume Method, was
utilized, as outlined in the Virginia DOT publication, to determine the amounts of each
material to be used in the various experimental concrete mixtures. A spreadsheet,
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following the ACI worksheet from the publication, was formulated to aid in calculations
targeted on producing normal, non-air-entrained, admixture-free, Portland cement
concrete based upon Class A-3 general use mix specifications. This mix was designed to
provide a compressive strength of 20.7 MPa. The water-cement ratio of the mixtures was
0.49 as specified by the desired concrete class. An air content of 6% was assumed for all
calculations. The ACI method provided figures for the required volumes of each
component in the desired mixture. This volume was then used to calculate the required
design mass of each component. The following table details the design mixture for the
control (Sample Mix #1) concrete mixture.
Table 3.3

Control concrete mixture design.
Portland Cement
Water
Air (6%)
Coarse aggregate
Fine aggregate

Mass
34.67
16.99

kg
kg

104.31
67.62

kg
kg

Volume
0.011
0.017
0.006
0.040
0.025

m3
m3
m3
m3
m3

The variations in the other 14 design mixtures were based upon replacing a
percentage of volume of the control mixture.
No ad mixtures or other additives were used in any of the concrete mixtures.
Sample Preparation
Concrete batches were mixed using two approaches. Initially, a small concrete
mixer with a drum volume of 0.11 m3 was used to mix the needed 0.099 m3 volume of
concrete. This required that each batch be split in half. Samples 2 – 8 were mixed using
this mixer and split batch method. This concrete pour took place over a period of two
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days with a daytime temperature of about 29 °C. The remainder of the samples, sample 1
and samples 9-15, were mixed as one single batch using a larger, commercial-grade
concrete mixer. The second concrete pour occurred 10 days after the first and took place
over a period of two days with a daytime temperature of about 14 °C. All concrete
mixing and pouring transpired outdoors at the Sustainable Bioproducts Laboratory at
Mississippi State University.
ASTM C 192-02 (American Society for Testing and Materials, 2002) mixing
procedures were referenced for each concrete mixture batch. The procedure was:
1. Each material component of the mixture was measured according to the ACI
mixture amount specified for the specific mix desired.
2. The coarse aggregate, MRP (if any), and one half of the water were dumped into
the mixer. The mixer was operated for one minute. If any biomass was to be
substituted for the coarse aggregate, it was done during this step.
3. The fine aggregate, Portland cement, and the remainder of the water were added
to the mixer. The mixer was operated for two minutes.
4. The mixer was stopped and the concrete mixture was allowed to rest for three
minutes.
5. The mixer was operated for an additional two minutes.
6. Physical properties of slump and unit weight were measured. Temperature was
also recorded.
7. All forms were filled with concrete from the mixer.
8. The mixer was cleaned for the next batch.
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Three small concrete slabs of each of the 15 mixtures were fabricated for acoustic
testing. Thin metal forms were used to produce samples that were approximately 3.18 cm
thick and 20.32 cm square. The fresh concrete was piled into the mold much above the
top edge of the mold. The sample was tamped 25 times with a 1.59 cm diameter tamping
rod. The excess amount of concrete was scraped off level with the top of the form after
tamping. A trowel was used to provide a finished surface to the top.
After curing, three 30 mm diameter and three 100 mm diameter samples were cut,
using a masonry hole saw and drill press, from these slabs. Samples were surface ground
to a smooth finish and consistent thickness.
Three single use plastic cylindrical forms were filled for each of the 15 mixtures
as well. These samples were utilized for evaluation of compressive strength. The molds
allowed for the formation of samples with a 15.24 cm diameter and a length of 30.48 cm.
The cylindrical molds were filled by thirds with layers of the concrete. After each layer
was placed in the mold, it was tamped 25 times with a 1.59 cm diameter tamping rod.
The side of the mold was also struck with a rubber mallet more than 10 times after each
layer in order to facilitate removal of air pockets within the concrete within the mold. The
top layer was filled to an amount that exceeded the top of the form. This excess amount
was scraped off level with the top after tamping. A trowel was used to provide a finished
surface to the top.
After pouring, the samples were located indoors where the temperature was about
25 °C. They were covered with plastic until demolding, which took place after 24 hours.
The samples were labeled using spray-paint to ensure proper identification throughout the
testing process. After being removed from the molds and labeled, the samples were
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placed in a cool, damp room until the time of testing. The samples were covered with
plastic and provided a moisture source. For the initial 30 days of curing, the average
temperature was 22.58°C with a relative humidity of 97%.
Physical Properties
After each mixture was completed, tests for slump and unit weight were
completed using fresh concrete from the mixer. The material from these tests were then
used for sample fabrication. Slump testing was conducted in accordance to ASTM C 14315 (American Society for Testing and Materials, 2015). An industry standard slump cone
apparatus was employed for slump measurement. Unit weight (density) measurement
followed ASTM C 138-10 (American Society for Testing and Materials, 2010). The unit
weight measurement was conducted using a 2365.88 cm3 container.
Concrete cylinder mass was also measured for each cylinder before mechanical
testing.
Mechanical Properties
Three 15.24 cm diameter by 30.48 cm tall concrete cylinders were cast of each
design mixture for use in compressive strength testing. An Instron 1000HDX-C3-G1B
(Instron, Norwood, MA) universal testing machine located at the University of Tennessee
at Martin Engineering Department Materials Test Lab was used to complete the
compression testing. Unbonded caps were placed on each end of the cylinder during
testing. Computer control of the universal test machine allowed for the precise control of
the load rate at 241 kPa/s (35 psi/s) per ASTM C 39-18 (American Society for Testing
and Materials, 2018). When testing, the cylinder with unbonded caps on each end was
50

loaded into the universal test machine. The machine was actuated until the indicated load
was 111.2 N (25 lb). The machine data collection interface was then zeroed for both
actuation distance and load. The load cycle was completed via computer control until
peak load (break) is achieved as was indicated by a rapid decrease in load. The crosssectional area of each of the cylinders was used, along with the peak load data, to
calculate the compressive strength of the cylinder. Per ASTM C 39-18, the following
formula was used:
Fcm = (4000Pmax) / (πD2)

(3.1)

where:
Fcm = compressive strength, MPa
Pmax = maximum load, kN
D = average measure diameter, mm
Average diameter was input into the universal testing machine computer and the load
data was compiled there as well. The compressive strength calculations were completed
via the computer software interface for all 45 sample cylinders. Data was plotted and
applied to a spreadsheet for later analysis.
Acoustic Properties
Sound Absorption Coefficient
The impedance tube method, per ASTM E 1050-08 (American Society for
Testing and Materials, 2008), was employed to determine the sound absorption
coefficient (α) for each of the 15 concrete sample mixes. A BSWA SW series, twomicrophone impedance tube measurement system with computer control and data logging
was utilized to test the concrete samples (BSWA model SW422+SW477, BSWA
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Technology Co., Ltd., Beijing, China). To use the system, three 30 mm diameter and
three 100 mm diameter samples were cut, using a hole saw, to represent each of the 15
sample mixes. These diameters were required for use in the 30 mm diameter tube test,
which covers 63 – 1,800 Hz frequencies, and the 100 mm diameter tube test, which
covers 800 – 6,300 Hz frequencies.

Figure 3.3

Representative sample of the specimens cut from each concrete mixture
sample for acoustic characterization testing.

Three 100 mm samples and three 30 mm samples were cut via hole saw from the 15 mix
specimens.
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Figure 3.4

BSWA SW422+SW477 impedance tube system for measurement of the
sound absorption coefficient.

The sample is represented by the gray block on the right side of the tube.

Sound Absorption Coefficient Procedure
Each of the 30 mm samples were tested three times using the 30 mm inner
diameter tube. Each of the 100 mm samples were tested three times using the 100 mm
inner diameter tube with the microphones in the normal spacing position. Additionally,
each of the 100 mm samples were also tested three times using the 100 mm inner
diameter tube with the microphones in the wide spacing configuration. Each individual
test was conducted for a duration of 30 seconds. The three tests of each sample in each
tube configuration required that the sample be rotated 90 degrees inside the sample
holder each time. The average of the three readings from each tube configuration was
recorded and stored for subsequent data operations.
After each individual sample was tested in each of the three impedance tube
configurations, the three sets of data were combined for each sample. This resulted in a
complete set of sound absorption coefficients over the entire 60 to 6,300 Hz frequency
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range. The sequence of figures to follow details an example of the individual data sets for
each tube configuration (30 mm, 100 mm, 100 mm wide microphone spacing) and their
associated frequency coverage. The fourth figure depicts an example of the combined
data, resulting in a full frequency set of data. The end result was a total of 45 data sets,
which consisted of three replications for each of the 15 concrete mixes.

30 mm Normal Microphone Spacing
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1

1000
1190
1380
1570
1760
1950
2140
2330
2520
2710
2900
3090
3280
3470
3660
3850
4040
4230
4420
4610
4800
4990
5180
5370
5560
5750
5940

Sound Absorption Coefficient

0.8

Frequency (Hz)

Figure 3.5

30 mm tube data set.

The 30 mm tube configuration examined the 1,000 to 6,300 Hz frequency range.
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100 mm Normal Microphone Spacing
0.2
0.2
0.1
0.1
0.0
-0.1

Figure 3.6

250
302
354
406
458
510
562
614
666
718
770
822
874
926
978
1030
1082
1134
1186
1238
1290
1342
1394
1446
1498
1550

Sound Absorption Coefficient

0.3

Frequency (Hz)

100 mm tube data set.

The 100 mm tube configuration examined the 250 to 1,550 Hz frequency range.

100 mm Wide Microphone Spacing
0.2
0.2
0.1
0.1
0.0

50
66
82
98
114
130
146
162
178
194
210
226
242
258
274
290
306
322
338
354
370
386
402
418
434
450

Sound Absorption Coefficient

0.3

-0.1

Figure 3.7

Frequency (Hz)

100 mm tube configuration with wide microphone spacing.

The 100 mm tube configuration with wide microphone spacing examined the 50 to 450
Hz frequency range.
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0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

50
276
502
728
954
1180
1406
1632
1858
2084
2310
2536
2762
2988
3214
3440
3666
3892
4118
4344
4570
4796
5022
5248
5474
5700
5926

Sound Absorption Coefficient

Combination of Three Tube Configuration Data

Frequency (Hz)

Figure 3.8

Combination data set from all three impedance tube configurations.

The sound absorption data from all three data sets were combined to provide a full
spectrum frequency data set.

The acoustic characterization tests were conducted over a period of several days
in an office environment. This necessitated daily microphone calibration by use of a
CA115 sound calibrator (114 dB at 1,000 Hz). In addition, each time impedance tube
sizes or microphone spacing were changed, a channel calibration was performed. This
required input of current temperature, relative humidity, and barometric pressure into the
calibration control screen of the control computer. Each step of the calibration had a
duration of 30 seconds and required that a highly absorptive material, a cylinder of foam,
be placed in the testing chamber of the impedance tube. Upon completion and
verification of successful calibration, the absorptive calibration foam was removed from
the tube. Actual acoustic testing was conducted after positive calibration.
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Sukontasukkul (2009) and Mohammed et al. (2012) employed the use of the noise
reduction coefficient (NRC) calculation in order to represent the ability of a material to
absorb sound using a single value. The following formula, where α is the sound
absorption coefficient at the indicated frequency, outlines the calculation.
NRC = (α250 + α500 + α1000 + α2000) / 4

(3.2)

Results and Discussion
Physical Properties
Slump (cm) was measured for each batch of fresh concrete. The following figure
illustrates the variation in slump for each batch. Mixing in two batches, which was done
for the second through eighth samples, may have had an effect on the slump.

Figure 3.9

Slump of fresh concrete samples.
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Unit weight, or density, was measured for each batch of fresh concrete. Based
upon the values detailed in the figure below, an increase in volumetric proportion of
MRP and pine biomass reduces the density of the fresh concrete mixtures. The control
sample had the greatest unit weight, while the sample containing volumes of 30% MRP
and 30% small pine yielded the least unit weight.

Figure 3.10

Density (unit weight) of fresh concrete samples.

Each of the three concrete cylinders used in compressive strength testing was
weighed immediately before the test. The average of mass of the three cylinders is plotted
below. The mass decreased as gravel large aggregate volume was replaced with pine. The
mass was further decreased as sand fine aggregate volume was replaced with MRP.
Adding pine biomass and MRP result in a lighter cured concrete.
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Figure 3.11

Average (three cylinders) sample mass of each mixture for compression
testing.

Mechanical Properties
The data from the 45 compressive test cylinders was averaged for the three
cylinders in each set. The table below details the mean compressive strength values,
standard deviation for each set, and the coefficient of variation. The last column provides
a comparison between the mean of each of the 14 cylinder sets and the control mean.
Every sample set resulted in a decrease in compressive strength. Of note, the replacement
of fine aggregate with MRP at 15% and 30% volume amounts resulted in 43% and 74%
decreases in compressive strength respectively. This outcome is consistent with results
reported by Sobanjo et al. (2015), who reported losses in compressive strength of 56% to
76% when 0.42 mm size rubber particles were used as volume replacement.
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In the present study, replacement of coarse aggregate with pine particles of 12.7
mm (small) size resulted in compressive strength reductions of 24% and 40% when
volume replacement was 15% and 30% respectively. Similar results were found when
using large (25.4 mm) pine pieces.
Table 3.4

Compressive strength data with analysis.

Sample

Mean Standard
(MPa) Deviation
(MPa)

Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine
30%MRP15%smallPine
15%MRP30%smallPine
30%MRP30%smallPine
15%largePine
30%largePine
15%MRP15%largePine
30%MRP15%largePine
15%MRP30%largePine
30%MRP30%largePine

41.73
31.89
25.09
23.90
10.91
22.68
9.78
14.40
15.90
33.52
23.01
22.90
19.59
19.15
14.97

0.53
2.65
0.40
2.02
0.22
0.63
0.41
1.61
0.25
0.84
1.59
0.18
0.49
0.81
0.13

CV
(%)
1.26%
8.30%
1.59%
8.44%
2.04%
2.77%
4.18%
11.19%
1.56%
2.50%
6.92%
0.77%
2.52%
4.21%
0.86%

Percent
Change
From
Control
-24%
-40%
-43%
-74%
-46%
-77%
-66%
-62%
-20%
-45%
-45%
-53%
-54%
-64%

When MRP and pine biomass were combined in a sample, the net effect on
compressive strength was not cumulative. For instance, the data indicates a 24% decrease
in strength when 12.7 mm pine is used to replace coarse aggregate at 15% volume. If
MRP is used to replace 15% of fine aggregate by volume, the compressive strength
decrease is 43% when compared with the control. If the net effect were cumulative, the
combination of MRP and biomass should yield a 67% total decrease as compared to the
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control. The data, however, indicates that an average 46% decrease actually occurs. The
use of MRP and biomass in concrete does result in a decrease in compressive strength.

45.00

Compressive Strength (MPa)

40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00

Figure 3.12

Plot of means of compressive strength for each sample set.

Average sample cylinder diameter was 15.19 cm (+/- 0.06 cm). This diameter was
utilized in calculation of compressive strength.
The average temperature for the compression samples until the day of test, which
was about 90 days, was 20.45 °C. The average relative humidity was about 86%.
Acoustic Properties
Zhu et al. (2014) offer an explanation of the sound absorption coefficient (SAC)
as “a measure of the propagation of sound energy that falls on a surface and is not
reflected.” The measurement range for the sound absorption coefficient is 0 to 1. A good
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sound absorption material will absorb the sound waves that strike it while reflecting very
little (Karlinasari et al., 2012). A value of 1 would indicate total absorption of the sound
wave with no reflection. A value of 0 would indicate total reflection of the sound wave
with no absorption by the material. A comparison of the sound absorption coefficients
across the entire tested frequency was made for all of the composites as compared with
the control concrete mixture. These values were calculated from the average of the three
measurements for each of the samples of each mix type. The data was then plotted for a
visual inspection. Figures were prepared for comparable concrete mixtures to make visual
evaluations and assessments.

0.8

Sound Absorption Coefficient

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
50

450

850 1250 1650 2050 2450 2850 3250 3650 4050 4450 4850 5250 5650 6050

Frequency (Hz)
15%MRP

Figure 3.13

30%MRP

Control

Comparison of SAC of control concrete mixture with sand replaced with
15% and 30% MRP by volume.
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Examination of the preceding figure reveled that a slight increase in the sound
absorption coefficient was realized in the 1,200 to 1,700 Hz frequency range for MRP
composite concrete as compared to plain concrete. This was made possible by a
downward shift in frequency by the SAC profile in that range. From 1,700 to about 2,900
Hz, the plain control concrete exhibited a higher SAC than the MRP composites. No
overall marked improvement was noted by adding MRP to concrete. This conclusion is
contrary to the findings summarized by Rashad (2015). The summary of research related
to rubber inclusion as a sand replacement in concrete concluded that the sound absorption
is increased proportionally as rubber content is increased. One difference between the
summarized research and the current study is the particle size in question. The summary
research entailed the use of larger rubber particle sizes. As noted in the literature review,
Halim et al. (2017) reported that more replacement of aggregate in concrete and larger
rubber particle sizes both increased the sound absorbing ability of concrete pavers. The
present research focused on micro rubber particles as compared to the larger crumb
properties utilized in previous studies. The difference in particle size might explain the
dissimilarity in findings for the present study compared to previous research. The particle
size was much smaller and allowed the particles to more fully fill in any voids in the
concrete structure. These smaller rubber particles might have also formed a barrier of
sorts around the aggregate. These rubber barriers might have served to reflect sound
instead of absorbing it within the concrete.
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Figure 3.14

Comparison of SAC of control concrete mixture with gravel replaced with
15% and 30% large pine or small pine by volume.

Referring to the figure above, adding pine biomass, 12.7 mm (small) or 25.4 mm
(large) sized, appeared to have mixed and somewhat negligible effects on the sound
absorption coefficient as compared to plain concrete. Between about 1,000 and 1,650 Hz
frequency, the addition of MRP as a sand replacement had an advantage of about 0.5 for
SAC. This is a result of the downward shift in the frequency SAC curve of the bio
composites of about 350 Hz from the control plain concrete curve. All samples were
relatively the same in the 2,500 to 3,500 Hz range. There was an improvement in SAC
for all bio composite samples from about 3,000 to 4,500 Hz. Overall, there seemed to be
no marked improvement in sound absorption characteristics for concrete that included the
replacement of portions of coarse aggregate for pine biomass.
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Figure 3.15

Comparison of SAC of control concrete mixture with MRP bio composite
concrete mixes.

A total review of the data plots reveals a similar sound absorption coefficient
profile for all of the sample concrete mixtures. There were some general shifts in peak
levels among the data set comparisons. A few of the samples resulted in marginal
improvement in peak SAC values in the 1,500 to 2,000 Hz range. There appeared to be
no appreciable advantage to adding MRP, pine biomass, or the combination of the two
into concrete mix ratios.
Results of the noise reduction coefficient (NRC) calculations, shown below, used
the averages at each frequency for the three samples. The control samples had the highest
NRC, indicating a higher level of absorption than the composite samples in the frequency
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ranges examined by the NRC. This would suggest that these mixes result in more
reflected sound waves than the control concrete mix.
Examination of percentage change in NRC for each sample concrete mixture as
compared to the control mixture revealed that a reduction in NRC of 8.5 to 42.5% occurs.
On average, across all sample mixtures, there was a 28% reduction in the NRC from the
control sample mixture level. There appeared to be no clearly defined relationship
between the proportions of MRP, proportions of biomass, or size of biomass as it pertains
to levels of decrease in NRC. In general, it can be assumed that the addition of any of the
particle types will result in a higher level of sound reflection from the concrete.

Noise Reduction Coefficient

0.25

0.20

0.15

0.10

0.05

0.00

Sample

Figure 3.16

Noise reduction coefficient comparison for each sample mixture.
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Table 3.5

NRC values and NRC percent reduction as compared with the control for
each concrete mixture design.
Sample
Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine
30%MRP15%smallPine
15%MRP30%smallPine
30%MRP30%smallPine
15%largePine
30%largePine
15%MRP15%largePine
30%MRP15%largePine
15%MRP30%largePine
30%MRP30%largePine

NRC
0.21
0.13
0.17
0.12
0.16
0.14
0.19
0.14
0.14
0.13
0.16
0.14
0.19
0.14
0.16

% Reduction
-36.7%
-17.2%
-42.5%
-24.9%
-35.1%
-9.6%
-35.1%
-31.7%
-38.8%
-21.1%
-32.1%
-8.5%
-32.1%
-25.5%

The average temperature for the acoustic samples until the day of test, about 77
days from the initial pour date, was 20.77 °C. The average relative humidity was about
85% during that timeframe.
Conclusion
The addition of MRP and pine biomass resulted in a decrease in density of the
concrete as compared to plain concrete. This finding, consistent with similar studies,
might be of use when lightweight concrete is desired with low strength requirements. It
might also be useful in situations where there is emphasis on environmental impact or
recycling for a construction project.
Compressive strength was reduced as MRP or pine biomass was used as a
volume replacement for aggregate in concrete. The substitution of pine biomass produced
reductions, when compared to the control, of 20% to 45%. The replacement of fine
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aggregate with MRP revealed great reductions in strength, up to nearly 75% in loss of
compressive strength when the volume is replaced at a level of 30%. The combination of
biomass and MRP provided loss percentages of 45% all the way up to 77% when
compared to the control concrete.
Examination of acoustic properties of concrete composites with biomass and
MRP volume replacement revealed a general decrease in sound absorption
characteristics. The noise reduction coefficient (NRC) was decreased by 8.5 to 42.5%
when compared to the control. Visual inspection of the sound absorption coefficient
curves over the full range of test frequencies identified limited, if any, advantage for the
addition of MRP or biomass. Some ranges of frequencies offered minimal improvement.
There appeared to be no appreciable sound absorption advantage to adding MRP, pine
biomass, or the combination of the two into concrete mix proportions.
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CHAPTER IV
FLEXURAL AND CRACK RESISTANCE PROPERTIES OF CONCRETE
BIOCOMPOSITES CONSISTING OF PINE PARTICLES
AND MICRONIZED RUBBER POWDER
Abstract
The research sought to characterize the flexural and crack resistance properties of
composite concrete which contained micronized rubber powder (MRP) and pine biomass
as volume aggregate replacement. Compressive and flexural strength tests were
conducted along with tests for modulus of elasticity. Results confirmed that the strength
of the concrete decreased with the incorporation of MRP and biomass. Compressive
strength was reduced up to 77% when MRP or pine biomass was used as a volume
replacement for aggregate in concrete. Modulus of rigidity was decreased up to 57% as
compared to plain concrete when MRP, pine biomass, or a combination of both were
incorporated into the concrete mixture. Visual observation revealed that failure modes in
compression and flexural testing of the MRP or pine beams were less sudden and less
catastrophic than the plain concrete samples. Modulus of elasticity was decreased up to
59% as compared to plain concrete. The more flexible and ductile concrete produced with
MRP and biomass provides a combination of properties that serve to lessen the
propagation of cracks throughout the specimen.
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Introduction
Waste tire rubber has been an environmental concern for decades. As piles of
worn out tires have grown around the world, clogging landfills and dotting the landscape
in communities globally, a search began that sought to identify viable uses for processed
rubber waste. The research reported upon in this paper aimed to characterize the flexural
and crack resistance properties of bio composite concrete that contained micronized
rubber powder (MRP) and pine biomass in varying proportions and combinations.
Literature Review
The use of rubber particles in concrete has been discussed and researched
significantly. In addition, utilizing biomass in concrete has been a topic of research and
investigation, although to a seemingly lesser level than that of rubber tire particles.
Nevertheless, ample literature is available concerning the incorporation of rubber or
biomass particles into concrete. However, no literature was uncovered that delved into
the use of both rubber and biomass in concrete mixtures. This review will report on a
sampling of the research and findings related to these two separate constituent part types.
Often the aggregate or sand in the concrete mixture is only partially replaced with
rubber particles. However, as Forrest (2014) mentions in his summary of research, when
the aggregate is completely replaced the product is referred to as plain rubberized
concrete and is usually put to use in non-structural applications. This is a result of the
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fact that the addition of rubber to the concrete will result in a reduction of the strength of
the concrete, as was reported in the literature summary.
Rashad et al. (2016), which provided an overview of rubber use in concrete,
pointed to several pieces of research that reported less cracking, smaller crack sizes, and
slower spreading of cracks when rubber particles were incorporated into concrete and
mortar. Often the investigation of cracking of rubberized concrete is approached with the
ring test or bend test approach, or the combination of both. Kang (2008) utilized both
methods in investigating the flexural properties and cracking-resistance of concrete with
rubber particle incorporation. Rubber particle size used in the research was 1.5 mm. The
ring test was used to evaluate the effect of rubber in mortar as the mixture dried and
shrank. This typically results in cracking. The ring test revealed a slowing of the
appearance of cracks in the mortar as more sand was replaced with rubber. A four-point
bending test was carried out on the concrete specimens. The same type of test was
conducted by Toutanji (1996) using 12.7 mm rubber particle size. During this test
procedure, flexural strength, compressive strength, split tensile strength, and elastic
modulus of rubberized concrete were carried out simultaneously. The rubberized samples
exhibited a great deal more of deformation in a more ductile manner as compared to the
control specimens. Eldin and Senouci (1994) reported similar results when using three
different rubber particle sizes. Ultimate deformations were much greater as well. These
results correlate to less cracking and more flexibility of the rubberized concrete.
The addition of rubber to concrete impacts the properties of fresh concrete. This
was confirmed by Khaloo et al. (2008), Toutanji (1996), and Eldin and Senouci (1994),
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all of which detailed the decrease in unit weight and effect on the slump and hence the
workability of the mixture. These studies delved into replacing combinations of coarse
and fine aggregate with corresponding sized rubber particles. The researchers also
mentioned that the failure mode of the concrete test specimens differed from
conventional concrete. It was noted that the failure was “characterized by more
deformation.” Failure in conventional concrete occurs rapidly. The rubberized concrete
failure was more gradual and not catastrophic in nature. The researchers also pointed out
cracks progressed in a more uniform and slow manner, and that the width of the cracks
was less.
Huang et al. (2013) sought to produce a more ductile and lower modulus of
elasticity concrete repair material. To meet this goal, tire rubber with an average diameter
of 0.08 mm was incorporated into the mixture. The results of their testing indicated that
while the compressive and tensile strengths of the mixture decreased as more rubber was
added, the tensile ductility increased and elastic modulus decreased. Both of these were
cited as contributors to reduced cracking tendency in rubberized concrete.
Research has also been conducted dealing with the incorporation of agricultural
fibers and waste materials into concrete. Such materials include coconut, jute, flax, sugar
cane bagasse, sisal, and banana fibers. Reis (2006) found that coconut fibers provided an
increase in flexural properties as compared with non-reinforced concrete. The study also
concluded that the banana fiber residue was not a good choice for use as concrete
reinforcement since it actually decreased the flexural properties. Brazilian researchers
found that the incorporation of sisal, banana, and eucalyptus pulp fibers resulted in the
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decrease in elastic modulus of the composite (Savastano et al. 2000). The decrease in
modulus of elasticity indicates an increase in flexibility of the concrete. Elsaid et al.
(2011) utilized kenaf fibers to reinforce concrete. They reported improvement in the
cracking behavior of the concrete, as compared to the non-reinforced control. As a result,
they recommended the kenaf reinforced concrete could be used for casting slabs on grade
for crack reduction.
Several studies involved the substitution of both the coarse and fine aggregate
with non-standard concrete aggregate. Magrey et al. (2016) reported on the substitution
of coconut fibers for coarse aggregate and glass particles for fine aggregate. Their
findings indicated a five percent increase in maximum flexural strength when twenty
percent of the coarse aggregates were replaced by coconut shells and ten percent of the
fine aggregate were replaced with glass waste. Alsaif et al. (2018) conducted work
dealing with the use of various sizes of rubber particles for substitution of fine and coarse
aggregates. In addition, they incorporated steel fibers into the concrete composite. It was
noted that some of the traditional strength limitations of rubberized concrete can be offset
by the addition of the steel fibers. A study supported by the Florida Department of
Transportation investigated the flexibility of roadway concrete surfaces that incorporated
ground tire rubber (Sobanjo et al. 2015). Their extensive study revealed several
interesting findings. Pertinent to the research at hand, the study asserted that the
rubberized concrete is more flexible since the modulus of elasticity of the composite is
reduced. They also found that the composite had increased ability to resist shrinkage
cracking. Their final recommendation was that rubberized concrete should be utilized in
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“applications where the compressive strength of 3,000 psi or less is adequate and also
where shrinkage may be a problem.”
Previous research involving rubberized concrete points to an increase in flexibility
and decreased cracking characteristics. No literature was cited that investigated the
combination of rubber particles and biomass into the concrete simultaneously.
Significance of Study
Waste tire rubber is a significant contributor to landfill waste and environmental
clutter. Inevitably, there is an accompanying need to develop innovative uses for the
processing and use of this waste material. There are wide ranges of waste rubber particle
materials available, ranging from large strips and crumbs down to microscopic particle
sizes. Each of these configurations offer unique qualities and advantages relevant to a
wide array of applications, including use as part of a composite building material such as
concrete. Recent advances in the processing of rubber particles has yielded particle sizes
that are similar in consistency to Portland cement. This development opened a new door
for use of this micronized rubber powder (MRP) in composite building materials. In
addition, the agriculture and forest products industries produce notable amounts of
biomass waste annually. Much of this bio-waste is left to decay and ultimately is render
useless. The research at hand examined utilization of MRP and pine particles as it
pertains to changes in mechanical properties of concrete, specifically related to increases
in flexibility and decreased cracking characteristics.
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Objectives
The specific objective of the work described herein was aimed at providing
characterization of the mechanical properties of biocomposite micronized rubber powder
(MRP), pine concrete. Classification of cracking resistance and flexibility were of
specific interest.
Materials and Methods
Materials
Traditional concrete is composed of Portland cement, water, air, coarse aggregate
(gravel), and fine aggregate (sand). In this research, some mixes also incorporated pine
particles, small (12.7 mm) and large (25.4 mm) in size, as replacement for coarse
aggregate in amounts of 15% and 30% by volume. Other mixes used micronized rubber
powder (MRP) as a substitute for fine aggregate in amounts of 15% and 30% by volume.
In addition, mixes also included combinations of each. The following table details the
fifteen sample mixes and the associated combinations of materials. Also noted is the
nomenclature that was utilized to identify each combination of materials throughout the
research and data analysis.
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Table 4.1
Sample
Mix #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Concrete mix nomenclature.
Nomenclature

Description – replacements by volume %

Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine

Normal proportions of sand and gravel
12.7 mm pine to replace 15% gravel
12.7 mm pine to replace 30% gravel
replace 15% sand with MRP
replace 30% sand with MRP
replace 15% sand with MRP and replace 15%
gravel with 12.7 mm pine
30%MRP15%smallPine replace 30% sand with MRP and replace 15%
gravel with 12.7 mm pine
15%MRP30%smallPine replace 15% sand with MRP and replace 30%
gravel with 12.7 mm pine
30%MRP30%smallPine replace 30% sand with MRP and replace 30%
gravel with 12.7 mm pine
15%largePine
25.4 mm pine to replace 15% gravel
30%largePine
25.4 mm pine to replace 30% gravel
15%MRP15%largePine replace 15% sand with MRP and replace 15%
gravel with 25.4 mm pine
30%MRP15%largePine replace 30% sand with MRP and replace 15%
gravel with 25.4 mm pine
15%MRP30%largePine replace 15% sand with MRP and replace 30%
gravel with 25.4 mm pine
30%MRP30%largePine replace 30% sand with MRP and replace 30%
gravel with 25.4 mm pine

The Commercial Grade QUIKRETE ® Type I/II Portland cement was purchased
from a hardware store in 42.6 kg bags. This type of QUIKRETE® Portland cement
complies with ASTM C 150 Type I requirements (American Society for Testing and
Materials, 2018). The product part number was No. 1124.
The QUIKRETE ® all-purpose sand was purchased in 22.7 kg bags from the same
outlet. The product part number was No. 1152. The manufacturer reported that the
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bagged sand was washed and graded coarse sand to meet ASTM C 33 (American Society
for Testing and Materials, 2003) specifications.
The QUIKRETE ® all-purpose gravel was purchased in 22.7 kg bags from the
same outlet as the cement and sand. The product part number was No. 1151. The
manufacturer reported that the gravel was washed and graded, meeting ASTM C 33
(American Society for Testing and Materials, 2003) specifications.
The micronized rubber powder (MRP) was obtained from Lehigh Technologies of
Tucker, GA USA. The product part number was MicroDyneTM MD-188-TR. The
company described the product as “black, free flowing micronized rubber powder that
disperses easily into a multitude of liquid systems and applications (Lehigh 2018).” The
manufacturer also stated that MD-188-TR is held to a “narrow, controlled particle size
distribution that offers lower viscosity builds than typical 80 mesh rubber powders, while
meeting the ASTM D 5603 (American Society for Testing and Materials, 2001)
specification for 80 mesh.” The manufacturer listed the SG of the MRP at 1.14. Sieving
revealed that no MRP particles where retained in a No. 60 mesh and that nearly 40% of
particles were caught in the No. 80 mesh (see table below). For comparison, a No. 60
mesh sieve is about the size of fine sand particles. Therefore, the maximum MRP particle
size used in this research ranged from 0.18 to 0.25 mm.
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Table 4.2

Particle size distribution for MRP.
Particle Size (mm)
≥ 0.250
0.178 - 0.250 (80 mesh)
0.150 - 0.178
0.104 - 0.150
0.074 - 0.104
< 0.074

Proportion by Weight (%)
0.00%
39.71%
20.57%
23.22%
14.05%
2.44%

The biomass particles were southern yellow pine (Pinus spp.) pulp wood (small
diameter whole trees) that were debarked for use as wood pellet feedstock. The pine was
sorted from an industrial size bulk bag of pine wood chips of varying sizes. This study
utilized small 12.7 mm size pine particles and large 25.4 mm size pine particles. The
particles were used for coarse aggregate (gravel) replacement. Sorting involved the use of
a screen mesh and screen vibrator shaker. Particles were allowed to fall through the mesh
to sort them into the desired sizes as vibration occurred.
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Figure 4.1

12.7 mm size pine particle representative sample.
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Figure 4.2

25.4 mm size pine particle representative sample.

Concrete Mixture Proportions
Based on the quantity and types of concrete specimens needed for acoustic and
mechanical property testing, a volume of 0.099 m3 was needed for each of the 15 concrete
test mixtures.
A Virginia Department of Transportation “ACI Concrete Mix Design and
Allowable Field Adjustments” document was used as a guide in the design mixture
calculations (Virginia Department of Transportation, 2016). The American Concrete
Institute (ACI) method, sometimes referred to the Absolute Volume Method, was
utilized, as outlined in the Virginia DOT publication, to determine the amounts of each
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material to be used in the various experimental concrete mixtures. A spreadsheet,
following the ACI worksheet from the publication, was formulated to aid in calculations
targeted on producing normal, non-air-entrained, admixture-free, Portland cement
concrete based upon Class A-3 general use mix specifications. This mix is designed to
provide a compressive strength of 20.7 MPa. The water-cement ratio of the mixtures was
0.49 as specified by the desired concrete class. An air content of 6% was assumed for all
calculations. The ACI method provided figures for the required volumes of each
component in the desired mixture. This volume was then used to calculate the required
design mass of each component. The following table details the design mixture for the
control (Sample Mix #1) concrete mixture.
Table 4.3

Control concrete mixture design.
Portland Cement
Water
Air (6%)
Coarse aggregate
Fine aggregate

Mass
34.67
16.99
104.31
67.62

kg
kg
kg
kg
kg

Volume
0.011
0.017
0.006
0.040
0.025

m3
m3
m3
m3
m3

The variations in the other 14 design mixtures were based upon replacing a
percentage of volume of the control mixture.
No ad mixtures or other additives were used in any of the concrete mixtures.
Sample Preparation
Concrete batches were mixed using two approaches. Initially, a small concrete
mixer with a drum volume of 0.11 m3 was used to mix the needed 0.099 m3 volume of
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concrete. This required that each batch be split in half. Samples 2 – 8 were mixed using
this mixer and split batch method. This concrete pour took place over a period of two
days with a daytime temperature of about 29 °C. The remainder of the samples, sample 1
and samples 9-15, were mixed as one single batch using a larger, commercial-grade
concrete mixer. The second concrete pour occurred 10 days after the first and took place
over a period of two days with a daytime temperature of about 14 °C. All concrete
mixing and pouring transpired outdoors at the Sustainable Bioproducts Laboratory at
Mississippi State University.
ASTM C 192-02 (American Society for Testing and Materials, 2002) mixing
procedures were referenced for each concrete mixture batch. The procedure was:
1. Each material component of the mixture was measured according to the ACI
mixture amount specified for the specific mix desired.
2. The coarse aggregate, MRP (if any), and one half of the water were dumped into
the mixer. The mixer was operated for one minute. If any biomass was to be
substituted for the coarse aggregate, it was done during this step.
3. The fine aggregate, Portland cement, and the remainder of the water were added
to the mixer. The mixer was operated for two minutes.
4. The mixer was stopped and the concrete mixture was allowed to rest for three
minutes.
5. The mixer was operated for an additional two minutes.
6. Physical properties of slump and unit weight were measured. Temperature was
also recorded.
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7. All forms were filled with concrete from the mixer.
8. The mixer was cleaned for the next batch.
Six single use plastic cylindrical forms were filled for each of the 15 mixtures as
well. Three of the samples were utilized for evaluation of compressive strength and were
therefore destroyed. The remaining three samples were utilized for evaluation of static
modulus of elasticity. The molds allowed for the formation of samples with a 15.24 cm
diameter and a length of 30.48 cm. The cylindrical molds were filled by thirds with layers
of the concrete. After each layer was placed in the mold, it was tamped 25 times with a
1.59 cm diameter tamping rod. The side of the mold was also struck with a rubber mallet
more than 10 times after each layer in order to facilitate removal of air pockets within the
concrete within the mold. The top layer was filled to an amount that exceeded the top of
the form. This excess amount was scraped off level with the top after tamping. A trowel
was used to provide a finished surface to the top.
For the flexural tests, three beams were formed in plywood molds. A total of 45
beams were fabricated. The beams were made to result in dimensions of 15.24 x 15.24 x
53.34 cm. The molds were filled by thirds with layers of the concrete. After each layer
was placed in the mold, it was tamped 25 times with a 1.59 cm diameter tamping rod.
The side of the mold was also struck with a rubber mallet more than 15 times after each
layer in order to facilitate removal of air pockets within the concrete in the mold. The top
layer was filled to an amount that exceeded the top of the form. The excess amount was
scraped off level with the top after tamping. A trowel was used to provide a finished
surface to the top.
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After pouring, the samples were located indoors where the temperature was about
25 °C. They were covered with plastic until demolding, which took place after 24 hours.
The samples were labeled using spray-paint to ensure proper identification throughout the
testing process. After being removed from the molds and labeled, the samples were
placed in a cool, damp room until the time of testing. The samples were covered with
plastic and provided a moisture source. For the initial 30 days of curing of all of the
concrete samples, the average temperature was 22.58°C with a relative humidity of 97%.
ASTM C 192-02 (American Society for Testing and Materials, 2002) provided
specific guidance related to curing during the period of time leading up to testing for
flexural beams. The standard required that the beams be kept damp until time of testing.
Care was taken to keep the surfaces of the beams covered with a wet blanket until the
beam was tested. In addition, ASTM C 192-02 prescribed that flexural beams be
immersed in water saturated with calcium hydroxide for a period of a minimum of 20
hours prior to testing. The specified water temperature is 23 +/- 2 °C. Due to space
limitations and weather conditions, the 20-hour soaking had to occur outdoors and the
resulting average saturated water temperature was 4.6 °C.
Physical Properties
After each mixture was completed, tests for slump and unit weight were
completed using fresh concrete from the mixer. The material from these tests were then
used for sample fabrication. Slump testing was conducted in accordance to ASTM C 14315 (American Society for Testing and Materials, 2015). An industry standard slump cone
apparatus was employed for slump measurement. Unit weight (density) measurement
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followed ASTM C 138-10 (American Society for Testing and Materials, 2010). The unit
weight measurement was conducted using a 2365.88 cm3 container.
Concrete cylinder mass was also measured for each cylinder before mechanical
testing.
Mechanical Properties
Compressive Strength
Three 15.24 cm diameter by 30.48 cm tall concrete cylinders were cast of each
design mixture for use in compressive strength testing. An Instron 1000HDX-C3-G1B
(Instron, Norwood, MA) universal testing machine located at the University of Tennessee
at Martin Engineering Department Materials Test Lab was used to complete the
compression testing. Unbonded caps were placed on each end of the cylinder during
testing. Computer control of the universal test machine allowed for the precise control of
the load rate at 241 kPa/s (35 psi/s) per ASTM C 39-18 (American Society for Testing
and Materials, 2018). When testing, the cylinder with unboned caps on each end, were
loaded into the universal test machine. The machine was actuated until the indicated load
was 111.2 N (25 lb). The machine data collection interface was then zeroed for both
actuation distance and load. The load cycle was completed via computer control until
peak load (break) is achieved as was indicated by a rapid decrease in load. The crosssectional area of each of the cylinders was used, along with the peak load data, to
calculate the compressive strength of the cylinder. Per ASTM C 39-18, the following
formula was used:
Fcm = (4000Pmax) / (πD2)
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(4.1)

where:
Fcm = compressive strength, MPa
Pmax = maximum load, kN
D = average measure diameter, mm
Average diameter was input into the universal testing machine computer and the load
data was compiled there as well. The compressive strength calculations were completed
via the computer software interface for all 45 sample cylinders. Data was plotted and
applied to a spreadsheet for later analysis.
Flexural Strength
ASTM C 78 - 02 (American Society for Testing and Materials, 2002) was utilized
as a guideline for flexural strength testing of the concrete beam samples. A custom
universal testing machine, model number S4-600 KN, built by Instron (Instron, Norwood,
MA) was used to conduct flexural beam strength testing. This test system was housed in
Sustainable Bioproducts Laboratory at Mississippi State University. The third-point test
machine setup included a rigid beam base on which two independent pivoting support
blocks were securely attached. The span between the pivot points was set to be 45.72 cm
based upon ASTM C 78-02 requirements. The load applying apparatus consisted of a
welded steel frame with a load span of 15.24 cm. The loading block apparatus was
securely attached to a top beam which was attached at a pivot point to the load cylinder
above.
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Figure 4.3

Flexural beam test stand with control sample in position for testing.
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Figure 4.4

Flexural beam test stand system.

The flexural beam test specimen was turned on its side with respect to its position
as molded per ASTM C 78-02. Loading was applied at an actuation rate of 0.6 mm/min.
This rate was computer controlled by the test system software. The test process was as
follows:
1. The flexural beam was centered on the support blocks.
2. The load block was lowered to make contact with the flexural beam.
3. A load of approximately 333.6 N (75 lbs) was applied to pre-load the
system.
4. Load and actuator position was set to zero.
5. Load cycle was initiated at a rate of 0.6 mm/min.
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6. Load was applied until the flexural beam broke and could no longer
support loading.
7. The beam was removed from the test system.
Data was logged via computer and also manually recorded in a data logbook. The tracked
data included maximum load, width and depth measurements at the fracture (measured in
three locations), and observation on verification that failure occurred in the middle third
of the beam.
Per ASTM C 78-02, the following formula was used to calculate modulus of
rupture (MOR):
R = (PL) / (bd2)

(4.2)

where:
R = modulus of rupture, MPa
P = maximum load, N
L = span length, mm
b = average width of specimen at the fracture, mm
d = average depth of specimen at the fracture, mm
This formula applies to specimens in which the fracture initiates in the tension surface
within the middle third of the span length. When this doesn’t hold true, an alternate
formula is specified. For this study, all fractures occurred within the allowable middle
third.
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Modulus of Elasticity
Three 15.24 cm diameter by 30.48 cm tall concrete cylinders were cast of each
design mixture for use in static modulus of elasticity (MOE) testing. An Instron
1000HDX-C3-G1B (Instron, Norwood, MA) universal testing machine located at the
University of Tennessee at Martin Engineering Department Materials Test Lab was used
to complete the modulus of elasticity testing. Unbonded caps were placed on each end of
the cylinder during testing. Computer control of the universal test machine allowed for
the precise control of the load rate at 241 kPa/s (35 psi/s) per ASTM C 469-14 (American
Society for Testing and Materials, 2014).
ASTM C 469 – 14 provided instructions for calculation of modulus of elasticity.
In the standard, the formula was presented as:
E = (S2 – S1) / (ɛ2 – 0.000050)

(4.3)

where:
E = chord modulus of elasticity, MPa
S2 = stress corresponding to 40% of ultimate load
S1 = stress corresponding to longitudinal strain, ɛ1, of 50 millionths, MPa
ɛ2 = longitudinal strain produced by stress S2
To obtain the variables for the proceeding equation, a compressometer was
needed that would allow for the measurement of the longitudinal deformation of the test
cylinder as it was being compressed. This would allow for the calculation of strain which
was needed for the modulus of elasticity equation. The device used in the study was Part
No. H-2911 (Humboldt Mfg. Co., Elgin, IL) which was a dial gauge compressometer
built for use with 152 x 305 mm concrete cylinders.
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Figure 4.5

Humboldt Mfg. Co. H-2911 dial gauge compressometer.

Figure 4.6

Modulus of elasticity test sample rigged with compressometer.
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Figure 4.7

Dial indicator face of compressometer.

Note that this equipment used U.S. customary units. Reading and calculation were
completed in this unit format and final calculated values were subsequently converted to
SI units.
The system essentially operates on a lever mechanism. The unit was setup to
provide a lever ratio that multiplied the instrument gauge reading by a factor of two.
Hence, the actual specimen deformation was one-half of the gauge reading. In order to
measure strain, the actual deformation amount was divided by the effective gage length,
which was 20.32 cm (8 inches).
To acquire the values needed for the MOE formula, initially the target load to
obtain S2 were needed. In order to do that, data from the compression strength tests were
analyzed to determine the average ultimate (peak) load of each set of concrete mixture
samples. Calculating 40% of that load was the high load target for S2 in Equation 3.
When this load was reached, a reading of the dial indicator on the compressometer was
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made so that the indicated deformation could be used to calculate ɛ2. To determine at
what point to obtain a gauge reading to read the load for calculation of S1, the gauge
reading that would result in the target ɛ1 (0.000050) was first calculated. Based upon the
aforementioned properties of the compressometer, the target actual dial gauge reading
would be 0.0008 in (0.0203 mm).
The process of gathering the data needed was as follows:
1. The compressometer was placed on the concrete cylinder and was
centered. Three blocks were placed under the compressometer to center it
vertically on the cylinder. The retaining screws were actuated into the
sides of the concrete cylinder.
2. Unbonded end caps were placed on the cylinder and inserted into the
universal testing machine.
3. The two flat bars holding the top and bottom compressometer yokes apart
were released by unscrewing the two top retaining screws.
4. The universal testing machine actuator was lowered until a load of 111.2
N (25 lb) was applied according to the computer output reading within the
control system software. Machine load and actuator position were then set
to zero on the computer.
5. The dial indicator stem of the compressometer was extended until making
contact with the bottom yoke seat. The dial indictor was set to zero.
6. The cylinder was loaded to 40% of the average ultimate load at
compressive failure for that particular set of three cylinders. This was done
95

in order to seat the gauge. The dial indicator was observed to ensure
proper operation.
7. Load was applied to the cylinder at 241 kPa/s.
8. The dial indicator was observed and at the moment the gauge indicated the
desired 0.0008 in (0.0203 mm) reading, the applied load was noted from
the computer output display. This figure was later used to calculate S1.
9. Loading continued until the 40% of the average ultimate load at
compressive failure was met. Loading was terminated.
10. The maximum deformation was recorded. This value was later used to
calculate ɛ2.
11. The load was retracted and the dial indicator was repositioned and set to
zero.
12. Repeat steps 7 through 10.
13. The concrete test cylinder with compressometer were removed from the
universal test machine.
This process was performed for all 45 concrete test sample cylinder. The diameter of
each tested cylinder was measured at the time of testing and recorded. The average
cylinder diameter of 15.19 cm was used in the cylinder cross-sectional area calculation
needed for the modulus of elasticity stress calculation. The area was 181.25 cm2. The
modulus of elasticity calculations were completed via spreadsheet for all 45 sample
cylinders.
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Results and Discussion
Physical Properties
Slump (cm) was measured for each batch of fresh concrete. The following figure
illustrates the variation in slump for each batch. Mixing in two batches, which was done
for the second through eighth samples, may have had an effect on the slump.

Figure 4.8

Slump of fresh concrete samples.

Unit weight, or density, was measured for each batch of fresh concrete. Based
upon the values detailed in the figure below, an increase in volumetric proportion of
MRP and pine biomass reduces the density of the fresh concrete mixtures. The control
sample had the greatest unit weight, while the sample containing volumes of 30% MRP
and 30% small pine yielded the least unit weight.
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Figure 4.9

Density (unit weight) of fresh concrete samples.

Each of the three concrete cylinders used in compressive strength testing were
weighed prior the test. The mean mass of the three cylinders is plotted below. The mass
lessened as gravel large aggregate volume was replaced with pine. The mass was further
decreased as sand fine aggregate volume was replaced with MRP. Adding pine biomass
and MRP resulted in a lighter cured concrete.
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Figure 4.10

Average (three cylinders) sample mass of each mixture for compression
testing.

Mechanical Properties
Compressive Strength
Compressive strength data was analyzed statistically using IBM SPSS Statistics
v.25 (IBM, NY, USA). A one-way analysis of variance (ANOVA) was conducted to
compare the relationship between each concrete mix and the compressive strength data
collected. The descriptive and ANOVA test data can be found in the Appendix.
There was a statistically significant difference between groups as determined by
one-way ANOVA (F(14,30) = 119.368, p < .001). However, a test of homogeneity of
variances revealed a violation of the homogeneity assumption. The Leven statistic based
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on the mean was p = 0.001, which pointed to a violation and provided no confidence in
the p-value offered by the ANOVA. To follow-up, robust tests of equality of means were
conducted since data set sizes were equal. The Welch and Brown-Forsythe tests resulted
in p-values less than 0.001. These were significant results and as a result the GamesHowell test was conducted in order to perform multiple comparisons to aid in identifying
possible significant differences in the means between each set of concrete mixture types.
The post hoc multiple comparisons Games-Howell test pointed to a significant
difference (p < .050) between several of the groups. In particular, a difference was
identified between the control and all of the other mixtures, except for the
“15%smallPine” mixture (p = .192).
In addition to the ANOVA and Games-Howell tests, the data for the 45
compressive test cylinders was averaged for the three cylinders in each mixture set. The
table below details the mean compressive strength values, standard deviation for each set,
and the coefficient of variation. The last column provides a comparison between the
mean of each of the 14 cylinder sets and the control mean. Every sample set resulted in a
decrease in compressive strength. Of note, the replacement of fine aggregate with MRP at
15% and 30% volume amounts resulted in 43% and 74% decreases in compressive
strength respectively. This result is consistent with results reported by Sobanjo et al.
(2015), which told of losses in compressive strength of 56% to 76% when 0.42 mm size
rubber particles were used as volume replacement.
In the present study, replacement of coarse aggregate with pine particles of 12.7
mm (small) size resulted in compressive strength reductions of 24% and 40% when
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volume replacement was 15% and 30% respectively. Similar results were found when
using large (25.4 mm) pine pieces.

Table 4.4

Compressive strength data with analysis.

Sample

Mean Standard
(MPa) Deviation
(MPa)

Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine
30%MRP15%smallPine
15%MRP30%smallPine
30%MRP30%smallPine
15%largePine
30%largePine
15%MRP15%largePine
30%MRP15%largePine
15%MRP30%largePine
30%MRP30%largePine

41.73
31.89
25.09
23.90
10.91
22.68
9.78
14.40
15.90
33.52
23.01
22.90
19.59
19.15
14.97

0.53
2.65
0.40
2.02
0.22
0.63
0.41
1.61
0.25
0.84
1.59
0.18
0.49
0.81
0.13

CV
(%)
1.26%
8.30%
1.59%
8.44%
2.04%
2.77%
4.18%
11.19%
1.56%
2.50%
6.92%
0.77%
2.52%
4.21%
0.86%

Percent
Change
From
Control
-24%
-40%
-43%
-74%
-46%
-77%
-66%
-62%
-20%
-45%
-45%
-53%
-54%
-64%

When MRP and pine biomass were combined in a sample, the net effect on
compressive strength was not cumulative. For instance, the data indicates a 24% decrease
in strength when 12.7 mm pine is used to replace coarse aggregate at 15% volume. If
MRP is used to replace 15% of fine aggregate by volume, the compressive strength
decrease is 43% when compared with the control. If the net effect were cumulative, the
combination of MRP and biomass should yield a 67% total decrease as compared to the
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control. The data, however, indicates that an average 46% decrease actually occurs. The
use of MRP and biomass in concrete does result in a decrease in compressive strength.

45.00

Compressive Strength (MPa)

40.00
35.00
30.00
25.00
20.00
15.00
10.00
5.00
0.00

Figure 4.11

Plot of means of compressive strength for each sample set.

Observation of the failure of the concrete samples when under compressive load
also provided insight into how the addition of MRP and biomass into concrete affected
the mode of failure. The ultimate loading of the plain concrete samples was violent,
sudden, and catastrophic in nature. Conversely, samples containing MRP or biomass
were more gradual and less dramatic. As shown in the following figure, when there was
MRP or biomass present within the sample, the failure was more distributed throughout
the sample and less defined.
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Figure 4.12

Result of ultimate loading in compression for concrete cylinder consisting
of 30% fine aggregate volume replaced with MRP and 30% coarse
aggregate volume replace with 25.4 mm pine.

Previous publications have also made note of similar behavior in rubberized
concrete. Sobanjo et al. (2015) mentioned that other researchers observed that when such
rubber infused concrete is loaded axially under compression, the failure mode was more
gradual in nature. The explanation of this phenomenon was hinged on the idea that the
rubber particles in the concrete act as microscopic springs which delay the widening and
full propagation of cracks throughout the entire concrete mass.
Specific strength in compression was calculated by computing the ratio of
compressive strength to density. Specific strength can be useful in identifying composites
that offer comparable strength characteristics when the density of the material is taken
into consideration. A material with a high specific strength can be useful in applications
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where it might be critical that the concrete be lighter weight but also possess a certain
degree of strength. As depicted in the following table, calculation of compressive specific
strength yielded no improvement over the control mixture. The reduction in density of the
MRP and pine composite concrete was not significant enough to offset the associated
reduction in strength characteristics.
Table 4.5

Compressive specific strength data with analysis.

Sample

Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine
30%MRP15%smallPine
15%MRP30%smallPine
30%MRP30%smallPine
15%largePine
30%largePine
15%MRP15%largePine
30%MRP15%largePine
15%MRP30%largePine
30%MRP30%largePine

Mean
Specific
Strength
((Pa*m3)/kg)
17849.51
14541.86
12100.92
10975.90
4983.64
10757.32
4821.06
7130.37
7970.99
15065.75
10973.12
4348.93
3853.77
3812.17
3168.67

Standard
Deviation
((Pa*m3)/kg)

CV
(%)

224.62
1206.84
192.61
926.85
101.82
297.95
201.61
798.12
318.72
376.65
759.56
84.06
238.93
394.62
64.15

1.26%
8.30%
1.59%
8.44%
2.04%
2.77%
4.18%
11.19%
4.00%
2.50%
6.92%
1.93%
6.20%
10.35%
2.02%

Percent
Change
From
Control
-19%
-32%
-39%
-72%
-40%
-73%
-60%
-55%
-16%
-39%
-76%
-78%
-79%
-82%

Average sample cylinder diameter was 15.19 cm (+/- 0.06 cm). This diameter was
utilized in calculation of compressive strength.
The average temperature for the compression samples until the day of test, which
was about 90 days, was 20.45 °C. The average relative humidity was about 86%.
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Flexural Strength
Flexural strength data was analyzed statistically using IBM SPSS Statistics v.25
(IBM, NY, USA). A one-way analysis of variance (ANOVA) was conducted to compare
the relationship between each concrete mix and the flexural strength data collected. The
descriptive and ANOVA test data can be found in the Appendix.
There was a statistically significant difference between groups as determined by
one-way ANOVA (F(14,30) = 10.142, p < .001).
A Tukey post hoc test for multiple comparisons between all of the sample mixes
revealed that there were multiple instances where significant differences were indicated
when modulus of rupture mean values were compared.
In addition to the ANOVA and Tukey tests, the data from the 45 modulus of
rupture (MOR) test beams was averaged for the three beams in each set. The table below
details the mean MOR values, standard deviation for each set, and the coefficient of
variation. The last column provides a comparison between the mean of each of the 14
beam sets and the control mean. Every sample set resulted in a decrease in flexural
strength. Of note, the replacement of fine aggregate with MRP at 15% and 30% volume
amounts resulted in 8% and 49% decreases in flexural strength respectively. This result is
consistent with results reported by Sobanjo et al. (2015), which told of losses in flexural
strength of 20% to 40% when 0.42 mm size rubber particles were used as volume
replacement.
In the present study, replacement of coarse aggregate with pine particles of 12.7
mm (small) size resulted in flexural strength reductions of 19% and 32% when volume
replacement was 15% and 30% respectively. Replacement of coarse aggregate with pine
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particles of 25.4 mm (large) size resulted in flexural strength reductions of 7% and 20%
when volume replacement was 15% and 30% respectively. It seemed that the larger
biomass particles led to less reduction in flexural strength. This might be attributed to the
larger surface area of the particles.
Table 4.6

Flexural strength data with analysis.

Sample

Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine
30%MRP15%smallPine
15%MRP30%smallPine
30%MRP30%smallPine
15%largePine
30%largePine
15%MRP15%largePine
30%MRP15%largePine
15%MRP30%largePine
30%MRP30%largePine

Mean (MPa)

Standard
Deviation
(MPa)

CV
(%)

4.97
4.01
3.40
4.56
2.55
4.21
2.14
3.23
2.85
4.62
3.96
4.22
3.65
3.49
3.06

0.23
0.55
0.29
0.61
0.20
0.36
0.31
0.05
0.21
0.36
0.30
0.36
0.35
0.34
0.30

4.69%
13.78%
8.43%
13.45%
7.97%
8.55%
14.38%
1.60%
7.38%
7.69%
7.65%
8.56%
9.70%
9.78%
9.93%

Percent
Change
From
Control
-19%
-32%
-8%
-49%
-15%
-57%
-35%
-43%
-7%
-20%
-15%
-27%
-30%
-38%

When MRP and pine biomass were combined in a sample, there were decreases
from 15% up to 57% in flexural strength as compared to the control mixture. Also of
note, the mixtures that incorporated 30% MRP volume substitution for fine aggregate
resulted in the greatest reductions in flexural strength. This effect seemed to be greater
when the smaller sized pine particles were used as coarse aggregate replacement, similar
to the previously noted relationship between MOR and pine particle size.
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Figure 4.13

Plot of means of flexural strength for each sample set.

Visual inspection of the fracture and observation of the fracture test provided
some additional insight. The mode of fracture for the sample beams containing MRP or
biomass resulted in failure that was less sudden and catastrophic. In fact, many of the
beams were still bonded together when fracture occurred at the center. The control
concrete beams, however, were totally fractured and separated after maximum loading.
Examination of the surface at the fracture, shown in the following figure, revealed that
the breaks did not propagate through the pine particles. It would appear that the pine
biomass served to hold the samples together.
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Figure 4.14

Fracture surface of flexural beam containing MRP and pine biomass.
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The average temperature for the flexural samples until the day of test, which was
about 42 days from the initial pour date, was 21.79 °C. The average relative humidity
was about 95%.
Modulus of Elasticity
Modulus of elasticity data was analyzed statistically using IBM SPSS Statistics
v.25 (IBM, NY, USA). A one-way analysis of variance (ANOVA) was conducted to
compare the relationship between each concrete mix and the modulus of elasticity data
collected. The descriptive and ANOVA test data can be found in the Appendix.
There was a statistically significant difference between groups as determined by
one-way ANOVA (F(14,30) = 36.906, p < .001.
A Tukey post hoc test for multiple comparisons between all of the sample mixes
revealed that there were multiple instances where significant differences were indicated
when modulus of elasticity mean values were compared. All, except one, of the 14 design
mixtures were significantly different from the control plain concrete mixture. The one
that was not significantly different was “15%largePine.” The following table lists the
samples and the associated samples that exhibited no significant difference from that
individual sample.
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Table 4.7

Summary of samples that showed no significant difference as indicated by
Tukey post hoc.

Sample
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine
30%MRP15%smallPine
15%MRP30%smallPine
30%MRP30%smallPine
15%largePine
30%largePine
15%MRP15%largePine
30%MRP15%largePine

15%MRP30%largePine
30%MRP30%largePine

Samples indicating no mean significant difference at
the 0.05 level
30%smallPine, 15%MRP, 15%largePine
15%smallPine, 15%MRP15%smallPine, 15%largePine,
30%largePine, 15%MRP15%largePine
15%smallPine, 30%smallPine, 30%MRP,
15%MRP15%smallPine, 30%largePine,
15%MRP15%largePine
15%MRP, 15%MRP30%smallPine,
30%MRP30%smallPine, 15%MRP15%largePine,
30%MRP15%largePine, 15%MRP30%largePine
30%smallPine, 15%MRP, 30%MRP, 30%largePine,
15%MRP15%largePine, 30%MRP15%largePine,
15%MRP30%largePine
15%MRP30%smallPine, 30%MRP30%smallPine,
30%MRP15%largePine, 30%MRP30%largePine
30%MRP, 30%MRP15%smallPine,
30%MRP30%smallPine, 30%MRP15%largePine,
15%MRP30%largePine, 30%MRP30%largePine
30%MRP, 30%MRP15%smallPine,
15%MRP30%smallPine, 30%MRP15%largePine,
15%MRP30%largePine, 30%MRP30%largePine
Control, 15%smallPine, 30%smallPine, 30%largePine
15%smallPine, 30%smallPine, 15%MRP,
15%MRP15%smallPine, 15%largePine,
15%MRP15%largePine
30%smallPine, 15%MRP, 30%MRP,
15%MRP15%smallPine, 30%largePine,
30%MRP15%largePine, 15%MRP30%largePine
30%MRP, 15%MRP15%smallPine,
30%MRP15%smallPine, 15%MRP30%smallPine,
30%MRP30%smallPine, 15%MRP15%largePine,
15%MRP30%largePine, 30%MRP30%largePine
15%MRP, 30%MRP, 15%MRP15%smallPine,
15%MRP30%smallPine, 30%MRP30%smallPine,
15%MRP15%largePine, 30%MRP15%largePine
30%MRP15%smallPine, 15%MRP30%smallPine,
30%MRP30%smallPine, 30%MRP15%largePine
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In addition to the ANOVA and Tukey tests, the data from the 45 modulus of
elasticity (MOE) test cylinders was averaged for the three cylinders in each set. The table
below details the mean MOE values, standard deviation for each set, and the coefficient
of variation. The last column provides a comparison between the mean of each of the 14
cylinder sets and the control mean. Every sample set resulted in a decrease in MOE. Of
note, the replacement of fine aggregate with MRP at 15% and 30% volume amounts
resulted in 28% and 40% decreases in MOE respectively. This result is consistent with
results reported by Sobanjo et al. (2015), which reported modulus of elasticity reductions
of more than 50% when 0.42 mm size rubber particles were used as volume replacement.
The smaller particle size used the present study might possibly account for the difference
in percent decrease.
In the present study, replacement of coarse aggregate with pine particles of 12.7
mm (small) size resulted in MOE reductions of 19% and 32% when volume replacement
was 17% and 24% respectively. Replacement of coarse aggregate with pine particles of
25.4 mm (large) size resulted in flexural strength reductions of 10% and 20% when
volume replacement was 15% and 30% respectively.
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Table 4.8

Modulus of elasticity data with analysis.

Sample

Control
15%smallPine
30%smallPine
15%MRP
30%MRP
15%MRP15%smallPine
30%MRP15%smallPine
15%MRP30%smallPine
30%MRP30%smallPine
15%largePine
30%largePine
15%MRP15%largePine
30%MRP15%largePine
15%MRP30%largePine
30%MRP30%largePine

Mean (MPa)

Standard
Deviation
(MPa)

CV
(%)

28802.59
23962.44
21969.32
20621.01
17244.09
19458.84
12546.09
14130.25
13005.46
25871.70
22997.55
18687.24
15626.14
16982.25
11769.61

1776.07
248.75
1014.04
598.27
1080.72
1206.36
1828.35
1068.69
963.04
1109.84
1592.73
1431.88
803.76
1293.42
642.43

6.17%
1.04%
4.62%
2.90%
6.27%
6.20%
14.57%
7.56%
7.40%
4.29%
6.93%
7.66%
5.14%
7.62%
5.46%

Percent
Change
From
Control
-17%
-24%
-28%
-40%
-32%
-56%
-51%
-55%
-10%
-20%
-35%
-46%
-41%
-59%

When MRP and pine biomass were combined in a sample, there were decreases
from 32% up to 59% in modulus of elasticity as compared to the control mixture. Also of
note, the mixtures that incorporated 30% MRP volume substitution for fine aggregate
resulted in the greatest reductions in MOE.
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Figure 4.15

Plot of means of modulus of elasticity for each sample set.

As Sobanjo et al. (2015) stated, “it was found from the study that the modulus of
elasticity of concrete is reduced when” rubber “is used in concrete, thus the … concrete
becomes more flexible.” The same conclusion can be drawn from the data gathered in the
present study. The decreased MOE of the biomass and MRP concrete specimens provides
for a more flexible, although structurally weaker concrete.
Average sample cylinder diameter was 15.19 cm (+/- 0.06 cm). This diameter was
utilized in calculation of static modulus of elasticity. The average temperature for the
static modulus of elasticity samples until the day of test, which was about 98 days from
the initial date of pouring, was 20.48 °C. The average relative humidity was about 83%.
Conclusion
Compressive strength of concrete was reduced 20% to 77% as compared to plain
concrete when MRP, pine biomass, or a combination of both were incorporated into the
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concrete mixture as volume replacement for aggregate. The failure mode of the MRP and
biomass concrete was more gradual and less sudden than when compared to plain
concrete. Visual inspection revealed that the cracks tended to propagate more evenly
through the cylinder than they did in a plain concrete specimen.
Modulus of rigidity, an indicator of flexural strength, was decreased 7% to 57%
as compared to plain concrete when MRP, pine biomass, or a combination of both were
incorporated into the concrete mixture as volume replacement for aggregate. Visual
observation revealed that, like failure modes in compression, flexural failure for the MRP
or pine beams were less sudden and less catastrophic than the plain concrete samples.
The addition of rubber and biomass appeared to provide a greater degree of flexibility in
the concrete.
Modulus of elasticity was decreased 10% to 59% as compared to plain concrete
when MRP, pine biomass, or a combination of both were incorporated into the concrete
mixture as volume replacement for aggregate. The more ductile concrete produced with
MRP and biomass provides a combination of properties that serve to lessen the
propagation of cracks throughout the specimen.
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CHAPTER V
SUMMARY AND CONCLUSIONS
Rubber tire waste has been an environmental hazard for many decades and
continues to be a significant source of landfill input worldwide. Efforts have been
focused on developing means by which rubber waste can be recycled and reused. One
specific area of interest has focused on incorporating tire waste particles into construction
materials. Additionally, forestry and agriculture waste is also readily available around the
world for use in sustainable building materials. This study, which consisted of three areas
of interest, considers the use of micronized rubber powder (MRP) in conjunction with
common construction materials and in interaction with biomass incorporating
composites.
This dissertation research consisted of a three-pronged approach. Essentially,
three separate objectives were pursued, each with the shared aims of the use of
micronized rubber powder (MRP) as a component in a composite construction material.
Specifically, the objectives were:
1. Evaluate the effect that MRP has on acoustic and strength properties of
particleboard composites.
2. Evaluate the effect that MRP has on the acoustic properties of composite
and bio-composite concrete.
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3. Evaluate the effect that MRP has on the flexural and crack resistance
properties of composite and bio-composite concrete.
In regard to the first objective, as MRP content increased, the strength of the
particleboard composites decreased while the stiffness of the particleboard decreased. As
a result, MRP composite particleboard might be of use in construction applications in
which strength is not a priority and flexibility is sought. In relation to acoustic properties,
the results indicated, that in general MRP addition to particleboard offers little
improvement in sound absorption when compared to the control. For the majority of the
frequency range tested, the opposite effect was observed. A general comparison of the
sound transmission loss (TL) data would lead to the conclusion that adding MRP to
particleboard results in a greater reduction in sound waves passing through the board at
most frequencies.
In regard to the second objective, the acoustic properties of concrete composites
with biomass and MRP volume replacement revealed a general decrease in sound
absorption characteristics. The noise reduction coefficient (NRC) was decreased by up to
42.5% when compared to the control. Visual inspection of the sound absorption
coefficient curves over the full range of test frequencies identified limited, if any,
advantage for the addition of MRP or biomass. Some ranges of frequencies offered
minimal improvement. There appeared to be no appreciable sound absorption advantage
to adding MRP, pine biomass, or the combination of the two into concrete mix
proportions.
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Finally, work toward completing the third objective revealed that compressive
strength of concrete was reduced up to 77% as compared to plain concrete when MRP,
pine biomass, or a combination of both were incorporated into the concrete mixture as
volume replacement for aggregate. The failure mode of the MRP and biomass concrete
was more gradual and less sudden that when compared to plain concrete. Visual
inspection revealed that the cracks tended to propagate more evenly through the cylinder
than they did in a plain concrete specimen. Modulus of rigidity, an indicator of flexural
strength, was decreased up to 57% as compared to plain concrete. Visual observation
revealed that, like failure modes in compression, flexural failure for the MRP or pine
beams were less sudden and less catastrophic than the plain concrete samples. The
addition of rubber and biomass appeared to provide a greater degree of ductility in the
concrete. Modulus of elasticity was decreased up to 59% as compared to plain concrete.
The more flexible and ductile concrete produced with MRP and biomass provides a
combination of properties that may serve to lessen the propagation of cracks throughout
the specimen.
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CHAPTER VI
SUGGESTIONS FOR FUTURE STUDY
A look back on the research detailed in this publication revealed some areas for
improvement and further study. Some of these insights were a result of the analysis
process of the data presented. Others came about after long days of sample preparation
and testing. The following list of suggestions was compiled in no particular order of
importance.
1. Produce more than three samples for strength and acoustic testing of the
particleboard. An increase in the size of the dataset will yield a more
conclusive set of results.
2. Devise an improved method to ensure consistent particleboard density
across all samples, including the control board.
3. Produce particleboard samples based upon volume instead of mass
replacement.
4. Investigate the effect of varying particleboard density in conjunction with
MRP, while keeping thickness constant.
5. Investigate alternative methods of acoustic characterization. Use of the
impedance tube method to calculate the sound absorption coefficient is
very dependent on sample preparation and test administration consistency.
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6. Investigate impact resistance of MRP composite particleboard. This might
prove useful in construction of structures subject to high wind loads and
storms.
7. Produce a larger number of concrete test specimens to provide a larger
dataset. Test cylinder and beam sizes should be reduced.
8. Focus on incremental increases of 10% by volume of MRP up to 100%
replacement of fine aggregate with the intent of specifically investigating
how it can be applied to use in driveway, sidewalk, slab floor, and parking
lot concrete applications where high load capacity is not a requirement.
Provide cracking resistance and freeze thaw information.
9. Focus on incremental increases of 10% by volume of biomass up to 100%
replacement of coarse aggregate with the intent of specifically
investigating how it can be applied to use in driveway, sidewalk, slab
floor, and parking lot concrete applications where high load capacity is not
a requirement. Provide cracking resistance and freeze thaw information.
10. Conduct an experiment for use of MRP in roofing products including
shingles and barrier materials such as tar paper.
11. Experiment with the use of MRP as an additive to plywood and other
wood-based products.
12. Experiment with the use of MRP as an additive to traditional insulation
products. An investigation into changes in R-values and acoustic
properties would be of interest.
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13. Conduct experiments with plain concrete mixes with no focus on volume
replacement of fine or coarse aggregates with MRP. Simply incorporate
increased amounts of MRP in subsequent batches. A possible approach
might be to add MRP based upon overall dry weight of all of the concrete
ingredients. For instance, if the total mass of the dry ingredients was 50
kg, produce mixtures that added MRP amounts of 10, 20, 30, 40, and 50%
of the 50 kg total. This would allow for the use of one overall batch of
concrete to which the MRP could be added, resulting in consistent
concrete mixture preparation.
14. Study concrete with MRP and biomass using the ring test to evaluate
cracking.
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APPENDIX A
SPSS STATISITICAL ANALYSIS INFORMATION

128

Compressive Strength SPSS Data
Table A.1

Descriptive data compressive strength.
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Table A.2

ANOVA data compressive strength.

Flexural Strength SPSS Data
Table A.3

Descriptive data flexural strength.
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Table A.4

ANOVA data flexural strength.

MOE SPSS Data
Table A.5

Descriptive data MOE.
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Table A.6

ANOVA data MOE.
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